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ABSTRACT 
 Earth’s crust and primordial ocean formed more than 4 billion years ago and life is 
believed to have originated on earth at least 3.6 billion years ago. This suggests that 
primitive cellular life must have evolved from non-living matter during that period of 
several hundred million years. To study the transition from chemistry to biology, a simple 
vesicular system called a protocell is an ideal model that is self-organized and contains 
informational or metabolic materials. 
 This thesis starts by exploring the replication of a model genetic material under 
plausible prebiotic conditions. The non-enzymatic copying of RNA was found to be 
catalyzed by Fe2+, which used to be abundant in aqueous environments on the early anoxic 
earth. Fe2+ was found to be a better catalyst of non-enzymatic RNA copying and ligation 
in slightly acidic to neutral pH conditions than Mg2+, the divalent cation used to catalyze 
these reactions in previous studies. This finding suggests that ferrous iron could have 
facilitated the replication and evolution of RNA on the prebiotic earth. 
 To gain a better understanding of the properties of protocell membranes, the impact 
of membrane composition and multi-bilayer structure on non-enzymatic and enzymatic 
	
	 viii 
biochemical reactions was studied. A fatty acid/phospholipid hybrid membrane system was 
proposed as a potential intermediate state in protocellular evolution. This membrane 
composition was investigated for its stability and permeability, two fundamental features 
of functional protocells. The system proved stable in the presence of divalent cations and 
retained permeability to small building block molecule. Vesicles with this composition 
were shown to host faster non-enzymatic RNA copying, and to enable enzymatic protein 
synthesis. To study the effects of multi-lamellarity, giant multilamellar vesicles (GMVs) 
were prepared by an extrusion-dialysis method. Compared with small unilamellar vesicles 
(SUVs), GMVs show slightly better ability to retain encapsulated RNA, while maintaining 
good permeability for small charged molecules. The multilamellar structure also promotes 
non-enzymatic RNA copying, providing preliminary evidence that membranes could also 





 This thesis summarizes most of my graduate research projects in Prof. Jack W. 
Szostak lab on non-enzymatic RNA chemistry and protocell construction. The first project 
was focused on metal ion catalysis for non-enzymatic RNA replication, especially using 
ferrous iron to substitute magnesium (Chapter 2). The second and third projects were both 
towards building functional protocells, wherein I studied the fatty acid/phospholipid hybrid 
membrane system as an intermediate state during membrane evolution (Chapter 3) and also 
probed the impact of membrane lamellarity on internal RNA polymerization (Chapter 4). 
Though each chapter is independent, they share some common methodology. Combined 
together, they are deepening the scientific understanding on the transition from abiogenesis 
to modern life, including metal ion usage, membrane structure and composition. 
 
 Chapter 1 is an overall introduction on origin of life studies, especially the 
background of “the RNA World” and “Protocell”, to provide a general understanding for 
specific projects in the next three chapters. Lin Jin wrote Chapter 1. 
 
 Chapter 2 is focused on the catalytic effect of ferrous iron on non-enzymatic RNA 
chemistry. The project was proposed by Lin Jin, Prof. Katarzyna Adamala (University of 
Minnesota) and Prof. Jack W. Szostak, All the experimental design was conceived by Lin 
Jin and Prof. Jack W. Szostak, and all the experiments were performed by Lin Jin with help 
from Prof. Aaron E. Engelhart (University of Minnesota) and Weicheng Zhang for 
monomer hydrolysis analysis and RNA oligonucleotide synthesis. Lin Jin wrote this 
chapter. Supporting materials for Chapter 2 appear in Appendix 2.  
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 Chapter 3 is focused on the fatty acid / phospholipid hybrid membrane system. This 
chapter is a result of collaboration with Prof. Neha P. Kamat (Northwestern University). 
The project idea was originally proposed by Lin Jin and further polished by Prof. Neha P. 
Kamat and Prof. Jack W. Szostak. Lin Jin and Prof. Neha K. Kamat performed and 
conceived all the experiments, and wrote the paper together with Prof. Jack Szostak. 
Supporting materials for Chapter 3 appear in Appendix 3. Chapter 3 has been published as 
the following publication: Jin, L. et al. ‘Fatty Acid/Phospholipid Blended Membranes: A 
Potential Intermediate State in Protocellular Evolution’, Small, (2018) 1704077. 
 
 Chapter 4 is focused on the giant multilamellar fatty acid protocell and its impact 
on internal RNA polymerization reaction. All the experiments were designed by Lin Jin 
and Prof. Jack W. Szostak and performed by Lin Jin. Lin Jin wrote this chapter. 
 
 Appendix 1 is a summary of protocols for preparation, purification and use of fatty 
acid vesicles. This has been published with minor changes as the following publication: 
Jin, L., Engelhart, A. E., et al. (2018) ‘Preparation, Purification, and Use of Fatty Acid-
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CHAPTER 1 Introduction 
1.1 Life and Origin of Life 
 When thinking about our existence, we are repeatedly plagued by the question of 
“where” all living things originate from. Human beings have been seeking answers to this 
difficult question for thousands of years, but the path is never easy. Only in the last century 
have attempts been made to solve this biogenesis problem with the help of scientific 
approaches. 
 For scientists, one of the most important tasks is to make definition. But when it 
comes to define this frequently used term – “life”, we are trapped in a paradox that the 
more we know about it, the more difficult to define it satisfactorily. Till now, there is still 
no commonly accepted definition of life (Cleland and Chyba, 2002). NASA Exobiology 
Program defines life broadly as "A self-sustaining chemical system capable of 
Darwinian evolution", which was originally used by Horowitz and Miller (Horowitz and 
Miller, 1962). This definition is open enough to include a wide range of potential life forms, 
nevertheless, it also makes it hard to design a simple test for life. Despite the lack of 
consensus on the definition of life, there is certain amount of agreement on the 
distinguishing features of a living system, including three basic characteristics: self-
reproduction, mutation and metabolism. Other characteristics of life have been 
formulated by Daniel E. Koshland Jr. as the “Seven Pillars of Life” (Koshland, 2002). They 
are as follows: 1. A program; 2. Improvisation; 3. Compartmentalization; 4. Energy; 5. 
Regeneration; 6. Adaptability; 7. Seclusion. Combined together, these definitions and 




 Earth is so far the only planet in the universe known to harbor life. The age of the 
Earth is about 4.54 billion years. After Earth’s crust and primitive ocean formed around 
4.4 billion years ago (Morbidelli et al., 2000), life originated on Earth at least 3.6 billion 
years ago. From fossil evidence, the oldest known traces of fully-developed life are dated 
back to about 3.5 billion years ago (Schopf and William, 1993), and some isotopic evidence 
shows the possibility of biochemical activities existing almost 3.8 billion years ago 
(Schidlowski and Manfred, 2001). This suggests that life must have evolved from non-
living matter, such as simple organic compounds, during that several hundred million years 
after ocean forming. 
 No complex system can be built without small building blocks, especially life. The 
emergence of small building block molecules for life such as amino acids, fatty acids and 
nucleobases is the foundation of biogenesis, which could be achieved by chemical 
evolution, a term introduced by Melvin Calvin to refer the process of the synthesis of 
biologically important molecules in a prebiotic environment. The first laboratory evidence 
that chemical evolution could have occurred was provided by Stanley Miller and Harold 
Urey in 1953 (Miller, 1953). They created an apparatus that simulated the primitive 
environment with a mixture of water, hydrogen, ammonia and methane and showed the 
formation of traces of amino acids. This finding also provides the first proof that the 
question of origin of life is a scientific problem which can be approached (and potentially 
solved) by using scientific methodology, and it marks the beginning of prebiotic chemistry 




 Just a few years after the Miller-Uery experiment, J. Oro was able to synthesize one 
of the most important biomolecules, adenine, by heating ammonium cyanide (Oró, 1960). 
This started the linkage between biomolecules and hydrogen cyanide and other reactive 
derivatives that were known in interstellar space and tails of comets. HCN, in addition, can 
also react with ammonium and water to form amino acids (Lowe, Rees and Markham, 
1963; Ferris, Donner and Lobo, 1973), RNA nucleotides (Powner, Gerland and Sutherland, 
2009) and further form lipid precursors (Patel et al., 2015). Scheme 1 (modified from 
Wagner and Blackmond, 2016) summarizes a general connection for synthesis of building 




Scheme 1. Synthesis of building blocks of RNA, proteins, and lipids from hydrogen cyanide 





1.2 The RNA World and Non-enzymatic RNA Polymerization 
 The RNA world theory, or more correctly, hypothesis, was put forward about 30 
years ago. The expression was coined by the Nobel Prize winner Walter Gilbert (Gilbert, 
1986). However, the predominant role of this particular nucleic acid was recognized 40 
years ago by Carl Woese (1967), Francis Crick (1968) and Leslie Orgel (1968) in 
connection with processes that could lead to biogenesis. The RNA World refers to self-
replicating ribonucleic acid (RNA) molecules hypothesized to have been the precursors to 
all current life on Earth (Scheme 2). The idea of the RNA World hypothesis became 
conceptually plausible mostly because of the double functions of RNA: Information 
storage and transfer and catalytic properties. Similar to DNA, RNA is also able to form 
double helix structure in a stable way based on the Watson-Crick base pairing to store 
information. As summarized in the central dogma, RNA carries information from DNA to 
the ribosome, where the information is translated during protein biosynthesis. RNA 
catalyzes and controls the process by catalytic ribozymes and regulatory riboswitches and 
the rRNA itself is a ribozyme. Since dNTP synthesis is not de novo, but relies on the 
reaction of preexisting ribonucleotides by ribonucleotide reductase, this unusual synthetic 
pathway can be viewed as a relic that RNA came first then DNA evolved. Moreover, most 
biochemically important coenzymes are either nucleotides or compounds, that are or could 
be derived from nucleotides, i.e. Acetyl-CoA and vitamin B12. All of these features support 
the RNA World theory. Overall, three basic assumptions of the RNA hypothesis are widely 




1. After a certain stage in the development and evolution of life, genetic continuity 
was ensured by RNA replication; 
2. The basis of the replication process is Watson-Crick base pairing; 
3. During the development of the RNA world, there were no functioning processes 
which were influenced by coded protein catalysts. 
 
 
Scheme 2. Comparison of Central Dogma in modern biology and RNA world (adapted from 
chemistryworld). 
 
 The early RNA World models were built on the concept that a functional RNA 
replicase could catalyze its own replication (Gilbert, 1986). Although lots of RNA 
polymerase ribozymes have been designed and evolved in lab, the creation of a true 
replicase remains a great experimental challenge (Attwater, Wochner and Holliger, 2013; 
Horning and Joyce, 2016). In addition, RNA polymerization can also be driven purely by 
chemical and physical processes without enzyme catalyst. The idea of non-enzymatic RNA 




doesn’t need to improve replication, but could have been a metabolic ribozyme or structural 
RNA that conferred any useful function, such as enhancing protocell reproduction or 
survival. One simple approach scientists tried was using drying-wetting cycle to induce the 
intermolecular dehydration between the 3¢-OH and 5¢-phosphate groups. By subjecting 
acidic solutions of nucleotides in repeated drying-wetting cycles under elevated 
temperature, mixture of short oligonucleotides was detected, but regioselectivity of 2-5¢ or 
3¢-5¢ phosphodiester linkage formations were relatively poor (Morávek, 1967). Later 
Deamer and coworkers utilized lipid layers to facilitate RNA oligomerization due to the 
dehydrated environment between lipidic lamellea (Rajamani et al., 2008). Indeed, RNA 
polymers with various lengths could be obtained, but they contained a large number of 
depurinated and depyrimidinated products. 
 
 
Scheme 3. Model of non-enzymatic RNA polymerization, colored boxes: nucleosides; p: 
phosphate group; pink pentagons: 5¢ chemical modification. 
 
 So far, the most promising non-enzymatic RNA polymerization model is the 
template-directed non-enzymatic RNA replication (Scheme 3), where activated single 
nucleotide building blocks could undergo polymerization on a corresponding 




(Sulston et al., 1967), along with many of his students and colleagues. They worked on this 
model for many years and made considerable progress by demonstrating the partial 
copying of short RNA templates in the presence of suitably activated nucleotide substrates. 
In one of the most impressive examples of such chemistry, a full length complement of a 
14-mer all GC template was generated in the presence of activated G and C monomers, 
though in low yield (Acevedo and Orgel, 1987). Despite such achievements, the efficient 
and accurate copying of arbitrary template sequences has remained frustratingly out of 
reach. The challenges standing in the way of robust RNA template copying have been 
reviewed in detail by Orgel in 1992 (Orgel, 1992) and Szostak twenty years later (Szostak, 
2012). 
 One of the many challenges is related with divalent metal ions as the catalyst for 
non-enzymatic RNA replication. RNA template-directed copying reactions are typically 
carried out in the presence of 0.1 M Mg2+. At lower concentrations, the reaction is slower, 
and little or no reaction is observed in the absence of Mg2+. Even Zn2+ or Mn2+, which 
strongly decrease the pKa of bound water or a coordinated sugar hydroxyl, must be used in 
concentrations of 10-20 mM for optimal reaction. Such high concentrations are 
problematic because they lead to the degradation of RNA templates by transesterification 
mediated chain cleavage, i.e. attack of a 2¢-OH on the adjacent phosphate, with formation 
of a 2¢-3¢ cyclic phosphate terminated chain and a 5¢-hydroxyl bearing downstream 
oligonucleotide (Zagórowska, Kuusela and Lönnberg, 1998). Thus, there’s always interest 
in testing other metal ions that are chemically effective and geologically abundant in the 




challenge is to integrate the RNA replication with the protocell model. This question has 
been neglected for many years, since most non-enzymatic RNA replication was carried in 
solution. We will address this issue in detail and some recent progress in the next section. 
 
1.3 Vesicles and Protocells 
 Although early discussions of the RNA World neglected the cellular nature of life, 
it is clear that the emergence of evolution required spatial localization, so that potentially 
useful RNAs could accrue an advantage for themselves (Szostak, Bartel and Luisi, 2001). 
A compartment structure is a simple way to accomplish this, and provides a direct 
connection to modern cells. A protocell is a self-organized, self-ordered, spherical 
collection of lipids encapsulating informational or metabolic materials. It is considered as 
the simplest system, which has all the required properties of life (self-maintenance, 
reproduction and evolvability). 
 
Scheme 4. Self-assembly of a simple amphiphile. Adopted from Sarah L. Keller. 
 
 The protocell membrane consists of single or multiple bilayers of prebiotic 
favorable single chain amphiphilic molecules (e.g. fatty acid and similar molecules). For a 




be able to assemble, grow, and divide spontaneously. Fatty acids self-assemble into bilayer 
membranes when the solution pH is approximately the pKa of the carboxylate head groups 
(Haines, 1983) and the amphiphile concentration is above the critical aggregate 
concentration (Cistola et al., 1988). Unlike phospholipids, fatty acid molecules rapidly 
exchange between vesicle membranes, micelles, and dissolved monomers. This dynamic 
exchange makes fatty acids particularly well suited as components of protocell membranes 
because such vesicles can grow (1) through the external addition of fatty acids (Chen and 
Szostak, 2004), (2) by absorbing material from other vesicles (Budin and Szostak, 2011), 
or (3) through the generation of fatty acids in situ from precursors (Walde et al., 1994). 
Furthermore, as multilamellar vesicles (i.e., vesicles with multiple membranes) grow, they 
form threadlike shapes that readily divide into spherical daughter vesicles with the 
application of shear forces (Zhu and Szostak, 2009) or following photochemically induced 
pearling (Zhu et al., 2012). These cycles of growth and division can be repeated without 
the loss of contents (Scheme 4). Fatty acid membranes are much more permeable to small 
charged molecules than are phospholipid membranes. In particular, activated nucleotides 
can pass through the membrane and take part in template-directed polymerization inside 
the protocell to produce oligonucleotide products that remain trapped inside (Mansy and 
Szostak, 2008). Last but not least, competition for membrane molecules would favor 
stabilized membranes, suggesting a selective advantage for the evolution of cross-linked 





Scheme 5. General scheme of functional protocell with RNA replication incorporated with 
growth and division (Katarzyna, Adamala and Szostak, 2013). 
 
 To integrate the artificial protocellular system, genetic and metabolic materials 
need to be encapsulated inside the protocell and the reaction condition must be compatible 
with the membrane system (Scheme 5). Fatty acid protocells are stable at a pH ranging 
from 7 to 9, depending on the particular fatty acid used (Cistola et al., 1988), and this range 
can be extended by the incorporation of fatty alcohols and glycerol monoesters (Maurer et 
al., 2009). Fortunately, this pH range is favorable for both nonenzymatic RNA 
polymerization (Deck, Jauker and Richert, 2011) and RNA polymerase ribozyme activity 
(Wochner et al., 2011). However, high concentrations of divalent cations, usually above 
50mM, are incompatible with the existence of fatty acid-based membranes, as a result of 
the rapid precipitation of the corresponding fatty acid salts at concentrations higher than 2-
4 mM divalent Mg2+. One possible solution is that non-enzymatic template-directed 




performed in fatty acid vesicles (Mansy and Szostak, 2009), suggesting that the creation of 
artificial cells based on phosphoramidate nucleic acids may be possible. However, a 
protocell with an RNA genome and ribozyme catalysts requires alternative solutions. We 
recently found that the tricarboxylic acid citrate chelates Mg2+ such that fatty acid 
membranes are preserved while non-enzymatic template copying is still possible (K. 
Adamala and Szostak, 2013). Nevertheless, the reaction rate is affected by the Mg2+ 
chelation and slowed down around 4-fold. Thus, a different composition membrane with a 
higher divalent cation tolerance would be interested to investigate, especially a hybrid 
membrane system containing both fatty acids and phospholipids as an intermediate state 
from primitive to modern membrane. This hybrid membrane system is further addressed 
in Chapter 3. 
 A lipid membrane helps to create a defined space for a protocell and protects the 
internal functional material or metabolic reactions from the external dilution. But the lipid 
membrane itself might also accumulate small building blocks and promote the 
polymerization of prebiotic genetic materials or other biochemical reactions. As previously 
stated, scientists found lipid layers facilitated RNA oligomerization due to the dehydrated 
environment between lipidic lamellae (Rajamani et al., 2008). Decarboxylation reactions 
(i.e. decarboxylation of 6-nitrobenzisoxazole-3-carboxylate) are also proved to be 
accelerated in the presence of vesicles, because of the localization of the reactions are 
changed from 3D bulk medium to the 2D constrained membrane surface (Walde et al., 
2014). When we restrict the non-enzymatic RNA replication reaction onto fatty acid vesicle 




accumulating small building blocks (ie. adenine and ribose) at membrane interface, 
vesicles are stabilized against salt-induced flocculation (Black et al., 2013) and this in turn 
provides competitive growth for early protocells as a selective advantage. When 
amphiphiles self-assemble into vesicles from dry lipid film by direct hydration, or from 
micelles by pH decrease, the resulting vesicles have a multilamellar structure and 
heterogeneous sizes (Walde et al., 2010). The multi-layered membrane structure creates a 
special microenvironment that is of great interest to study for its impact on genetic and 
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CHAPTER 2 Catalysis of Template-directed Non-enzymatic RNA Copying by Iron 
(II) 
 Non-enzymatic RNA copying is an important experimental system to study 
potentially prebiotic RNA replication and it requires high concentration Mg2+ for catalysis. 
Considering the abundance of Fe2+ on prebiotic anoxic Earth, we hypothesize that Fe2+, 
which has a similar ionic structure to Mg2+, could have been involved in RNA copying 
catalysis before the Great Oxygen Event. Here, we demonstrate that Fe2+ is a better catalyst 
and promotes faster non-enzymatic RNA primer extension and ligation than Mg2+ in 
slightly acidic to neutral pH solution. Since it is reasonable of some early Earth aqueous 
environment to have a lower pH due to high concentration of CO2 in atmosphere, Fe2+ is 
highly probable to facilitate the RNA replication and evolution together with other metal 
cations on prebiotic Earth. 
 
2.1 Introduction 
 Capability of replicating RNA in the absence of complex enzymatic machineries 
are fundamental to the primitive life forms on the early earth. Non-enzymatic RNA 
copying, wherein chemically activated nucleotides or oligomers undergo template-directed 
polymerization, is an important experimental system that requires high concentration of 
Mg2+(Szostak, 2012). Divalent metal cations such as Mg2+ and Zn2+ have cardinal roles in 
the catalysis of RNA and protein enzymes in modern biology. While bioinformatic analysis 
of protein-metal binding motifs encoded in genomes reveals that, compared to eukaryotes 




manganese and cobalt (Anbar, 2008). During the first 1.5 billion years on Early earth when 
RNA emerged and evolved, Earth was oxygen free and the aqueous environment in contact 
with the CO2-rich atmosphere was slightly acidic to neutral (Sleep and Zahnle, 2001; 
Halevy and Bachan, 2017), which provided abundant soluble ferrous iron (Anbar, 2008). 
Because of the same charge and similar ionic radius (Shannon and IUCr, 1976), Fe2+ was 
proved to be an excellent substitute for Mg2+ in RNA folding and catalysis (Athavale et al., 
2012; Hsiao et al., 2013). Computational study has shown the confirmations of RNA-Mg2+ 
and RNA-Fe2+ clamps in L1 ribozyme ligase are nearly identical, and both L1 ribozyme 
ligase and hammerhead ribozyme are proved to have better catalytic effect in the presence 
of Fe2+. We herein report that Fe2+ can also substitute Mg2+ to catalyze non-enzymatic RNA 
polymerization, especially in aqueous environment near neutral pH. 
	
2.2 Results 
2.2.1 Non-enzymatic RNA primer extension 
 To study the catalytic effect of Fe2+ on template-directed non-enzymatic RNA 
primer extension, we performed all experiments inside an oxygen-free glove box with all 
degassed reagents to prevent Fe2+ to Fe3+ oxidation. Fe3+ had no catalytic effect and was 
known to complex very strongly with phosphate and lead to precipitation (Figure. A2.1). 
We measured the pseudo-first-order rate of conversion of primer to extended products on 
a template with a CCCCAA-5¢ overhang (Figure 2.1A), using a large excess of 2-MeImpG 
(50 mM) in the presence of either Fe2+ or Mg2+. Since the pka of aqueous Fe2+ is around 2 




pH on catalysis and plotted the pH-rate profile (Figure 2.1B-D, Figure A2.2). The reaction 
pH was measured after reaction was complete. When placed in buffer pH 5.0-8.5, primer 
extension proceeded efficiently in the presence of Fe2+ and achieved the best reaction rate 
at around pH 7 with more than 90% primer extended within 30min. Though Mg2+ had 
much higher catalytic effect under basic condition (optimal reaction pH was around 9), 




Figure 2.1 Non-enzymatic RNA primer extension with Fe2+ 
(A) Schematic diagram of template directed non-enzymatic RNA primer extension with 2-MeImpG 
and hydrolysis of 2-MeImpG (B) Representative PAGE gel showing primer extension with 50 mM 
2-MeImpG catalyzed by 50 mM Fe2+ in 250 mM pH 6.5 Bis-Tris Propane (BTP) buffer. (C), (D) 
Primer extension rate vs. pH profile plot using 50 mM Mg2+ (n=5) and Fe2+ (n=4), error bars 
represent s.d. Reaction pH was measured after reaction and averaged. Curves were fitted in 
Gaussian. (E) Saturation curve of Fe2+ catalyzed primer extension using 50 mM 2-MeImpG as 
substrate in 250mM BTP buffer pH 6.5. Data were fitted into Michaelis-Menten enzyme kinetics 

















































































 As is shown in our recent study (Li et al., 2017), 2-aminoimidazole activated 
nucleotides significantly accelerated non-enzymatic primer extension. When we used Fe2+ 
to catalyze primer extension with 2-AmImpG, we observed white precipitates forming in 
all pH conditions tested, which might result from as-yet-unknown interaction between 
ferrous ion and 2-aminoimdazole activated monomers. Despite the observed precipitation, 
the kobs still reached 6.3 h-1 at the optimal pH of 7.5 (Figure. A2.3). This pH optimum was 
slightly higher than that of primer extensions driven by 2-methylimidazole activated 
monomers, due to the higher pka of 2-aminoimidazole group. 
 We next performed the templated-directed non-enzymatic RNA primer extension 
at various Fe2+ concentration under neutral pH, and fitted the reaction rate vs. Fe2+ 
concentration by Michaelis-Menten kinetics model (Figure 2.1E). The estimated kmax was 
5.6±0.2 h-1 and the Km was 37±3 mM. To compare the catalytic effect of Fe2+ and Mg2+, 
especially at low metal concentration, we analyzed the primer extension results at 0.1, 1 or 
5 mM of Fe2+ and Mg2+ respectively and found that primer extension in the presence of 1 
and 5 mM Fe2+ yielded 80% and 120% more products than that using Mg2+ as catalysis 
(Figure A2.4). Interestingly, at pH 9, which was the optimum pH for Mg2+ catalyzed 
primer extension, the yield of extended products with 5 mM Mg2+ was only half of that 
catalyzed by 5 mM Fe2+ at neutral pH. 
 
2.2.2 Activated nucleotide hydrolysis 
 In the presence of divalent cations, like Mg2+, nucleotide phosphoroimidazolide 




monomer that competitively inhibits primer extension.(Kanavarioti et al., 1989) Hence, we 
determined the 2-MeImpG hydrolysis rate in the presence of Mg2+ and Fe2+ using HPLC 
under the optimum oligomerization pH for both Mg2+ or Fe2+ (Figure 2.2). We found that 
2-MeImpG hydrolyzed 10 times faster in the presence of Fe2+ around neutral pH and over 
100-fold faster at pH 9. This fast Fe2+-promoted hydrolysis of 2-MeImpG at high pH 
partially explained the slow polymerization due to competitive inhibition from free GMP. 
 
Figure 2.2 Activated monomer hydrolysis catalyzed by Fe2+ or Mg2+ 
(A) Plot of the hydrolysis of 50 mM 2-MeImpG measured by HPLC with 50 mM Fe2+ (Δ) or 50 
mM Mg2+ (¢) at either pH 7 (pink) or pH 9 (blue). The natural logarithm of the fraction of activated 
2-MeImpG remaining was fit to a line the slope yielded a pseudo-first-order rate constant plotted 




















































2.2.3 Non-enzymatic RNA ligation 
 Prebiotic RNA elongation could be achieved either by monomer polymerization, 
or through ligation of RNA fragments. Template-directed non-enzymatic RNA ligation has 
been previously demonstrated on oligonucleotides be using Mg2+ as catalyst (Prywes et al., 
2016). Here, we aimed to see whether Fe2+ was able to catalyze ligation of 2-
methylimidazole activated RNA trinucleotides and compare with the catalytic effect of 
Fe2+ and Mg2+. Consistent with the primer extension reaction results, Fe2+ better catalyzed 
the reaction at neutral pH and the ligation rate was 0.037 h-1, which was still about 3-fold 
of ligation catalyzed by Mg2+ (Figure 2.3). Ligation in the presence Mg2+ proceeded faster 
at higher pH with rate of 0.031 h-1, but it was still slower than that catalyzed by Fe2+ at 
neutral pH. This was different from the fact that the best non-enzymatic primer extension 
rate with Mg2+ at high pH was much faster than that with Fe2+ at neutral pH. 
 
Figure 2.3 Non-enzymatic RNA ligation catalyzed by Fe2+ 
Schematic of template directed RNA ligation with 2-methylimidazole-activated trimer. Ligation 


























2.2.4 Iron (II) inhibitory effect at high pH 
 In general, Fe2+ catalyzed non-enzymatic RNA primer extension is optimal at 
neutral pH, while the Mg2+ catalyzed reaction is optimal in a higher pH range. This led us 
to ask whether Mg2+ and Fe2+ could act synergistically to catalyze the primer extension 
reaction at a high rate over wide pH range. We performed the polymerization reaction with 
50 mM of each cation at pH 7 or pH 9 and compared the result with controls with 50 mM 
of only Mg2+ or only Fe2+ at each pH. However, we found that primer extension driven by 
mixed cations didn’t display enhanced rate when compared to the control with only Fe2+, 
and Mg2+ had barely noticeable additive catalytic effect (Figure 2.4A). This indicated the 
dominance of ferrous ion’s catalytic effect at neutral pH and inhibition in high pH for 
polymerization. Interestingly, this inhibition was reversible, the RNA polymerization 
reaction could be reinitiated by dropping pH, removing Fe2+ or adding strong Fe2+-binding 
chelators (Figure 2.4B-D). This suggested that Fe2+-induced inhibition in high pH was not 
due to irreversible damage of RNA structure. 
 
Figure 2.4 Fe2+ inhibitory effect for RNA primer extension at high pH 
A
B C D
pH 7 pH 9
Mg2+ Fe2+ Mg2++Fe2+ Mg2+ Fe2+ Mg2++Fe2+
time




(A) PAGE gel result of non-enzymatic primer extension with mixed cations, time point in each 
group: 2, 4, 8, 16, 32 min. (B)(C) Non-enzymatic primer extension started with 50 mM Mg2+ and 
50 mM Fe2+ in pH 9 for 30 min, then either treated with HCl to bring pH down to 7 (B, arrow) then 
continue to take time points, or had RNA precipitated by ethanol to remove divalent cations (C, 
arrow) and re-dissolve RNA duplex with 50 mM Mg2+ and fresh monomer at pH 9 to restart reaction 
with new time points taken at 2, 4, 8 min. (D) Non-enzymatic primer extension with 50 mM Mg2+, 
50 mM Fe2+ and 55 mM EDTA at pH 9. 
 
 We wondered whether this reversible inhibition of polymerization reaction was due 
to the indiscriminate binding between ferrous ion and RNA or monomer in higher pH, 
therefore we removed the potential Fe(II)-binding functionalities on RNA, such as 2¢-OH 
(Figure A2.6) or guanine N7 nitrogen (Figure A2.7). We also used cobalt hexammine to 
enhance the stability of RNA primer-template duplex (Figure A2.8). Unfortunately, none 
of these strategies alleviated the inhibition. Of note, during the polymerization reaction 
with Fe2+ at pH 8-9, we never observed precipitation of insoluble ferrous hydroxide. 
Nevertheless, in this pH range, ferrous ions might form soluble ferrous cationic hydroxyl 
complex. Since RNA backbones are negatively charged, we wondered if the observed high 
pH inhibition was simply due to indiscriminate electrostatic interaction between the soluble 
ferrous hydroxide cations and RNA duplex, subsequently forming microscopic aggregates 
in solution. Using dynamic light scattering (DLS), we found micron sized particles forming 
only in the solution containing Fe2+ and RNA duplex at pH 9, but not in pH 6.5 solution 
(Figure 2.5A). This result was further confirmed by microscopy observations (Figure 
2.5B) using confocal microscope. Under pH 6.5, 5¢- Cy3-labeled RNA primer template 
complexes dissolved in an Fe2+ containing solution homogeneously; however, at pH 9.0, 




particles. We then probed whether this presumable electrostatic interaction would be 
stronger when cationic ferrous hydroxide encountered longer oligonucleotide. A long DNA 
oligonucleotide (T100) was added to the primer extension reaction such that the total 
amount of negative charges from backbones of DNA phosphodiesters was 1000-fold of 
that from RNA primer-template complex. At pH 8.5, compared with control group without 
long DNA oligonucleotides, the inhibition was slightly alleviated (Figure 2.5C) due to the 
competitive binding of ferrous hydroxide and long DNA oligonucleotides. 
 
Figure 2.5 Interaction between ferrous hydroxyl complex and RNA at high pH 












































(A) Volume size distribution result of pure 50 μM double stranded RNA, 50 mM Fe2+ or mixed of 
both in 250 mM BTP buffer (pH 6.5, top panel; pH 9.0 bottom panel). (B) Confocal microscopy 
images of pure Cy3 labeled RNA primer template complex or with Fe2+ in low and high pH. Scale 
bar: 5 μm.	(C)	Representative	PAGE	gel. 
 
2.3 Discussion 
 Here we have assessed the catalytic effect of Fe2+ as a substitute of Mg2+ for non-
enzymatic RNA replication. We show that Fe2+ promotes faster non-enzymatic RNA-
polymerization in slight acidic to neutral pH environments, which fit most natural aqueous 
environment on prebiotic earth. We also find that the electrostatic interaction between 
ferrous hydroxyl cations and RNA or DNA oligonucleotides under high pH, which might 
suggest a potential way on early Earth to concentrate RNA from dilute aqueous alkaline 
environment and this accumulated RNA would be released for functionality and 
evolvement once they reach neutral pH environment. Given the abundance of ferrous iron 
in early anoxic Earth, our findings suggest that Fe2+ could be involved in RNA copying 
and potential evolution and later being replaced by Mg2+ during the Great Oxidation Event. 
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CHAPTER 3 Fatty Acid / Phospholipid Blended Membranes: A Potential 
Intermediate State in Protocellular Evolution 
	
 Prior to the evolution of membrane proteins, intrinsic membrane stability and 
permeability to polar solutes were essential features of a primitive cell membrane. These 
features are difficult to achieve simultaneously in model protocells made of either pure 
fatty acid or phospholipid membranes, raising the intriguing question of how the transition 
from fatty acid to phospholipid membranes might have occurred while continuously 
maintaining the ability to support the encapsulated reactions required for genomic 
replication. Here, we describe the properties of a blended membrane system composed of 
both oleic acid, a monoacyl fatty acid, and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine, a diacyl phospholipid. This hybrid vesicle system exhibits high stability 
to divalent cations (Mg2+), while simultaneously maintaining its permeability to small 
charged molecules such as nucleotides and divalent ions such as Mg2+. This combination 
of features facilitates key reactions that would be expected to occur during a transition from 
primitive to modern cells, including nonenzymatic RNA replication, and is also compatible 
with highly evolved functions such as the ribosomal translation of a protein. Our 
observations support the hypothesis that the early transition from fatty acid to phospholipid 
membranes could be accomplished through intermediate states in which membranes were 







 Understanding how membranes and genetic polymers could have coexisted and 
coevolved is critical to understanding the origins of primitive cells. Catalytic activities that 
would enable RNA replication are fundamental to the emergence of Darwinian evolution. 
Yet membrane stability and membrane permeability, two features that allow such reactions 
to occur within vesicles, are often difficult to achieve simultaneously. Monoacyl lipids 
confer essential properties to protocell membranes, including high permeability to ions and 
small charged molecules, as well as the dynamic exchange properties that enable multiple 
pathways for vesicle growth (Deamer et al., 2002; Budin and Szostak, 2011). These 
characteristics make fatty acid membranes a promising candidate for the first primitive 
cells. On the other hand, the nonenzymatic replication of RNA, and the development of 
catalytic structures from RNA and peptides often benefit from chemical or physical 
features such as high concentrations of divalent cations or peptide sequences that interact 
with fatty acids, which can disrupt fatty acid membranes (Monnard et al., 2002; Chen, 
Salehi-Ashtiani and Szostak, 2005). 
	 How might a protocellular system evolve in response to strong selective pressures 
for enhanced membrane stability alongside membrane permeability? One route to 
imparting stability to single chain lipid membranes is to improve fatty acid retention in 
membranes via high affinity interactions with other membrane amphiphiles. Mixtures of 
monoacyl amphiphiles, containing varied fatty acid chain lengths or head groups, have 
been shown to stabilize vesicles against certain environmental conditions like high salt 




2009), and low levels of divalent cations (Monnard et al., 2002; Chen, Salehi-Ashtiani and 
Szostak, 2005). For example, mixtures of myristoleic acid and its glycerol monoester result 
in vesicles that can withstand concentrations of up to ~ 4 mM Mg2+, vs. only ~ 1 mM Mg2+ 
for myristoleic acid alone (Chen, Salehi-Ashtiani and Szostak, 2005). However, RNA 
chemistry typically requires much higher levels of Mg2+, on the order of 50-100 mM, 
suggesting that it would be useful to explore the properties of membranes composed of 
mixtures of mono- and di-acyl lipids.  The interactions of oleic acid with POPC membranes 
have been previously explored, primarily in the context of vesicle growth and stability 
(Lonchin et al., 1999; Berclaz et al., 2001; Rasi, Mavelli and Luisi, 2003), but little is 
known of the permeability properties of such membranes, or their stability in the presence 
of divalent cations. The transition of primitive cells to modern ones is likely to have 
involved a shift in membrane composition from single chain lipids to phospholipids, 
making the latter lipid a natural starting point when investigating membrane stabilizing 
mechanisms. The presence of phospholipids can provide selective advantages to bilayer 
membranes, including promoting membrane growth. We previously showed that 
increasing phospholipid content in fatty acid vesicles reduced fatty acid desorption and led 
to the competitive growth of such vesicles over vesicles with less phospholipid (Budin and 
Szostak, 2011). In addition, phospholipid membranes are stable in the presence of proteins 
that are essential for modern cells but can bind and be inhibited by fatty acids (Mizushina 
et al., 1997). However, pure phospholipid membranes are highly impermeable to divalent 
cations and small polar solutes. We wondered if intermediate states characterized by 




membrane compositions.  
 Here, we investigate whether a hybrid fatty acid/phospholipid system can address 
the need for both membrane stability and solute permeability in a model protocell system. 
Our observations expand upon previous results that showed increasing phospholipid 
content decreases membrane permeability (Budin and Szostak, 2011). Here we show that 
phospholipids stabilize fatty acid vesicles to divalent cations while maintaining sufficient 
permeability to allow for the entry of essential solutes. We also show that the enhanced 
retention of fatty acids within membranes containing phospholipids allows a modern 
polymerase reaction, normally inhibited by fatty acids, to occur. The ability of a hybrid 
system to retain encapsulated polymers, permit solute entry, and retain membrane 
amphiphiles, points to a possible pathway by which primitive fatty acid based cell 
membranes would have been able to transition to a mixed fatty acid - phospholipid 




3.2.1 Stability and permeability of hybrid vesicles in the presence of Mg2+ 
 We began by asking whether phospholipids could enhance the stability of fatty acid 
based protocell membranes in the presence of Mg2+. This is an important question because 
high concentrations of Mg2+ are necessary for both non-enzymatic and enzymatic RNA 
catalysis, but are known to disrupt fatty acid membranes. We prepared oleic acid (OA, 




phosphocholine (POPC, C16:0-18:1). To test the stability of vesicles as a function of their 
phospholipid content, we measured the release of a DNA oligomer (a 5´-Cy5- labeled 
30mer) from vesicles at a total lipid concentration of 7.5 mM, after a 12 h incubation with 
different concentrations of MgCl2. The retention of DNA within the vesicles varied as a 
function of both magnesium concentration and the phospholipid content in the membrane 
(Figure 3.1). Pure fatty acid vesicles (100% OA) fully retained the DNA oligomer in ≤ 1 
mM Mg2+, but in the presence of > 5mM Mg2+ the vesicles were unstable and released 
almost all of the encapsulated DNA. In contrast, vesicles that contained 50% or more 
phospholipid in their membranes retained more than 95% of the DNA oligomer over the 
entire range of Mg2+ concentrations tested (1-50 mM).  Vesicles with 20%-40% of POPC 
in their membranes showed intermediate behavior, releasing progressively more 
encapsulated DNA at higher Mg2+ concentrations.  
 
Figure 3.1 Phospholipids stabilize fatty acid vesicles 
Retention of a 30-mer DNA oligomer inside OA/POPC small unilamellar vesicles was monitored 
after an overnight incubation with different concentrations of Mg2+ in order to determine vesicle 
stability. n =3; error bars represent standard deviation (s.d.) 
 






















 Similarly, we measured the retention of calcein, a small highly charged fluorescent 
molecule, after mixing purified vesicles containing encapsulated dye with various 
concentrations of Mg2+ (Figure A3.1). In this case we measured dye retention immediately 
after mixing, to distinguish between vesicle disruption and slow loss by permeation through 
the membrane. Pure OA vesicles and vesicles containing 10% POPC lost almost all of the 
encapsulated dye at Mg2+ concentrations of 5 mM or above, while vesicles containing 50% 
or more POPC retained essentially all calcein over the range of tested Mg2+ concentrations. 
 
3.2.2 Permeability of blended membranes in the presence of Mg2+ 
 We next examined the permeability of mixed fatty acid - phospholipid membranes 
to various solutes in the presence of Mg2+. While membranes composed entirely of single 
chain amphiphiles are highly permeable to ions and small molecules (Wei and Pohorille, 
2014), most pure phospholipid membranes are not. Thus, if primordial protocell 
membranes were composed of fatty acids and related single chain amphiphiles, the 
protocell would have access to ions and polar nutrients from the external environment.  
However, a gradual increase in phospholipid content during the evolutionary transition to 
more modern membrane compositions would likely cause a problem as decreasing 
permeability led to decreased access to ions and nutrients.  Indeed, we have previously 
shown that increasing phospholipid content leads to a gradually decreasing permeability to 
the sugar ribose (Budin and Szostak, 2011). However, the permeability of mixed fatty acid 
- phospholipid membranes to essential ions such as Mg2+, and nutrients such as nucleotides, 




phospholipid content on the spontaneous trans-membrane transport of Mg2+ and activated 
ribonucleotides, which are thought to be crucial to prebiotic RNA chemistry. 
 
Permeability of blended membranes to Mg2+ 
 For an initial qualitative investigation of the permeability of blended fatty 
acid/phospholipid membranes to magnesium, we employed Magnesium Green, a cell-
impermeable dye that fluoresces in the presence of Mg2+ (Kd » 1 mM). Having determined 
that a phospholipid content of 50% is sufficient to confer membrane stability to Mg2+, we 
prepared giant unilamellar vesicles (GUVs) from either pure POPC (100%) or 50% OA: 
50% POPC blended lipids in buffer that contained 2 µM Magnesium Green. The vesicles 
were diluted into an isotonic solution (see SI for details) that also contained 2 µM 
Magnesium Green. We then added 25 mM MgCl2 to the external solution and monitored 
the permeation of Mg2+ across the membrane by visualizing the resulting change in internal 
Magnesium Green fluorescence. While the interior of pure POPC vesicles remained dark 
(non-fluorescent) over a 10-minute observation period, hybrid vesicles containing 50% OA 
allowed Mg2+ equilibration across the membrane, leading to a rapid and strong increase in 
fluorescence in the vesicle interior (Figure 3.2a).  
 In order to obtain more quantitative data on the permeability of Mg2+ to mixed 
phospholipid - fatty acid membranes, we used a fluorometer to monitor the efflux of Mg2+ 
in real time from purified vesicles containing encapsulated Mg2+. Because pure POPC 
vesicles are impermeable to Mg2+, we first prepared monodisperse, unilamellar 100 nm 




unencapsulated Mg2+ (SI Materials and Methods).  
 
Figure 3.2 Fatty acids enhance the permeability of phospholipid vesicles 
(a) Microscopy of POPC and 50% OA giant vesicles upon addition of Mg2+ shows that the presence 
of oleate in membranes allows Mg2+ entry into vesicles. The presence of Mg2+ is indicated by 
increases in Magnesium Green fluorescence (green). Scale bar for POPC vesicles is 20 µm. Scale 
bar for OA/POPC vesicles is 10 µm. (b) A fluorometer study shows the addition of oleate to pure 
phospholipid vesicles containing Mg2+ results in Mg2+ exit from vesicle interior, and can be 
monitored through an increase in Magnesium Green fluorescence in solution. Data are fitted to one 
phase exponential decay model with k = 3.0 min-1 and t1/2 = 0.23 min. (c) Vesicle permeability to 
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 We then added Magnesium Green to the outside of the vesicles and monitored Mg2+ 
efflux through the vesicle membranes. In the absence of any fatty acid, pure POPC vesicles 
remained impermeable to Mg2+ (Figure 3.2b, Figure A3.2). In order to monitor the effect 
of fatty acids on Mg2+ permeability, we added oleate micelles to the POPC vesicles, which 
is known to result in the rapid incorporation of fatty acids into preexisting phospholipid 
membranes.(Chen and Szostak, 2004) Upon the addition of oleate at a 1:4 OA: POPC ratio, 
we observed rapid and complete Mg2+equilibration across the membrane in less than 2 min, 
indicating that the presence of oleate permits Mg2+ transit across a phospholipid membrane.  
Since this assay convolves the time required for oleate incorporation into the phospholipid 
membrane with the time required for Mg2+ permeation, the observed rate of roughly 3 min-
1 must be considered a lower limit, and the real rate could be significantly faster.  
 
Permeability of blended membranes to calcein 
 We measured calcein leakage over a 12 h period to examine the permeability of 
blended membranes to small charged molecules. For membranes composed of 50% or 
more phospholipids, less than 10% calcein leakage was detected during a 12 h incubation 
in the absence of Mg2+; while for pure oleic acid vesicles, more than 30% of calcein leaked 
out even in the absence of Mg2+, indicating, as expected, a higher membrane permeability 
of oleate vs. POPC membranes (Figure 3.2c). In order to study the effect of Mg2+ on hybrid 
membrane permeability change, we plotted calcein release in the presence of increasing 
Mg2+ concentrations (1 to 50 mM) for a series of membrane compositions ranging from 




were stable, we observed that pure OA vesicles and 20% POPC vesicles released 
significantly more of the encapsulated calcein than in the absence of Mg2+, indicating a 
Mg2+-induced increase in permeability. In the presence of higher concentrations of Mg2+, 
pure OA and 20% POPC vesicles are destabilized and release all calcein. For all the Mg2+ 
concentrations tested (0-50 mM), pure POPC and 75% POPC vesicles had no observable 
calcein leakage increase, while 50% POPC vesicles showed a small increase in calcein 
leakage in 50 mM Mg2+. 
 
Permeability of blended membranes to activated nucleotides 
 We next investigated the permeability of blended membranes to activated 
nucleotides, which are the substrates for nonenzymatic RNA replication. We have 
previously shown that such nucleotides can enter fatty acid vesicles, but not phospholipid 
vesicles. (Mansy et al., 2008; Adamala and Szostak, 2013b) We measured nucleotide 
permeability by encapsulating a radiolabeled imidazole-activated nucleotide 
monophosphate, 2-MeImpA (adenosine 5¢-phosphoro-2-methylimidazolide) within 
vesicles. We then used size exclusion chromatography to separate the retained and leaked 
nucleotides over a series of time points. We observed that the rate at which 2-MeImpA 
permeated across vesicle membranes decreased as phospholipid content increased (Figure 
A3.4), while the presence of Mg2+ enhanced nucleotide permeability. 
 The much greater permeability of membranes to the activated nucleotide 2-
MeImpA compared to calcein presumably reflects its much lower charge density of either 




2008) The increased permeability seen in the presence of Mg2+ may be due to binding of 
the divalent cation to oleate molecules in the membrane, creating transient defect structures 
that allow solutes to transit the membrane.(Mansy and Szostak, 2009) Our results indicate 
that although membrane permeability is reduced by the incorporation of phospholipids, 
hybrid membranes containing up to 75% POPC are still highly permeable to Mg2+, and a 
POPC content of 25% in the presence of 5 mM Mg2+ allows nucleotide permeation at a 
rate comparable to that seen with pure oleate membranes.  At 50% POPC, membrane 
permeability to 2-MeImpA is strongly reduced even in the presence of 50 mM Mg2+. 
  
3.2.3 Mechanism by which POPC stabilizes oleate vesicles to the presence of Mg2+ 
Phospholipids favor the partitioning of oleate into the membrane  
 We first investigated the mechanism by which phospholipids enhance the stability 
of hybrid membranes by examining the partitioning of fatty acids between the membrane 
and solution. Oleate exists in a dynamic equilibrium between the bilayer membrane of 
vesicles and micelles and free oleate molecules in the surrounding solution (Budin, 
Debnath and Szostak, 2012). We have previously shown that phospholipids decrease the 
rate of dissociation of fatty acids from mixed membranes (Budin and Szostak, 2011). We 
hypothesized that this decreased dissociation rate would result in a lower concentration of 
free fatty acid in solution, which in turn could decrease or abolish the ability of Mg2+ to 
aggregate and precipitate the fatty acid. To investigate the extent to which POPC in 
membranes increased oleate retention in the membrane phase, we measured the free fatty 




fatty acid quantification. We first collected a small fraction of the solution surrounding 
vesicles by centrifuging vesicles through a 20 kDa molecular weight membrane, thus 
separating the vesicles from the surrounding solution containing free fatty acid and 
micelles. For a fatty acid vesicle preparation containing 20 mM pure oleate vesicles we 
found that the oleate concentration in the surrounding solution was 20 µM (Figure A3.5). 
As we increased the phospholipid fraction in the membrane from 0 to 50%, the 
concentration of free oleate in solution steadily decreased to 3.5 µM, indicating increased 
membrane retention of the fatty acid. These observations confirm that the presence of 
phospholipids in fatty acid membranes increases the partitioning of fatty acids into the 
membrane from solution, a feature that correlates with and could help to explain the 
stabilization of vesicles in the presence of Mg2+. 
  To further investigate the ability of phospholipid to retain fatty acids in mixed 
composition membranes, we measured the change in surface area of vesicles as a function 
of initial phospholipid content in the membrane, following the addition of Mg2+ to the 
external solution.  We used a Forster resonance energy transfer (FRET) assay to measure 
changes in membrane area by monitoring changes in FRET efficiency between membrane-
labeled fluorophores (Figure 3.3a). We reasoned that if fatty acids in solution were being 
removed by the precipitation of insoluble complexes with Mg2+, they would be removed 
from membranes over time resulting in a decrease in total membrane lipid and a 
corresponding loss of vesicle surface area. In membranes containing a mixture of oleic acid 
and POPC, the POPC is expected to occupy more membrane area than the oleate (Cistola 




of oleate were removed. We observed that the surface area of vesicles with membranes 
containing 50% or 100% phospholipid remained constant following the addition of Mg2+ 
over the entire range of concentrations tested (Figure 3.3b). At a phospholipid content of 
25%, however, the vesicles lost progressively more surface area in the presence of higher 
concentrations of Mg2+, which we attribute to irreversible oleate desorption and a 
corresponding vesicle area shrinkage. As expected, pure fatty acid membranes were 
completely destroyed upon the addition of ≥ 5 mM Mg2+. In this case, the total lipid surface 
area greatly increased, presumably as a result of the dissolution of membranes (Figure 
A3.6).  Taken together, our free fatty acid assay and surface area studies suggest that a 
critical concentration of phospholipid is required in a fatty acid membrane to prevent fatty 
acid loss to Mg2+, and that below 50% phospholipid content, membranes lose fatty acid in 
a way that leads to membrane instability. 
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(a) Scheme for membrane surface area analysis based on a FRET assay (b) Fatty acid loss upon 
addition of Mg2+ was detected by measuring changes in membrane surface area in FRET-labeled 
OA/POPC small unilamellar vesicles. n =3; error bars represent s.d. 
  
Morphological changes of hybrid vesicles in the presence of Mg2+  
 To further understand the physical properties of hybrid vesicles and their response 
to external Mg2+, we used confocal microscopy to directly visualize 50% POPC 50% OA 
hybrid GUVs following the addition of Mg2+. We prepared the GUVs with encapsulated 
sucrose, so that they would sink to the bottom of the observation chamber where they could 
be readily observed. As the added Mg2+ diffused to the bottom of the chamber, the vesicles 
began to aggregate and assemble into clusters with a honeycomb morphology (Figure 3.4a, 
middle). As the concentration of Mg2+ increased, the proportion of vesicles in aggregates 
increased and the planar surface contact area between neighboring vesicles increased. We 
quantified the average vesicle cross-sectional area in the absence of Mg2+ and then after 
the addition of 50 mM Mg2+ by using the first and last frames in movies 1 and 2; images 
were processed using ImageJ (Figure A3.7). We found that cross-sectional area of hybrid 
vesicles in the no Mg2+ environment fitted well to a Cauchy distribution with an average 
size of 8.6 µm2 (N=397), which decreased to 5.0 µm2 (N=286) in 50 mM Mg2+ (Figure 
3.4b). Both the increased planar surface contact area and the shrinkage of vesicle size imply 





Figure 3.4. Hybrid vesicle morphological and size change 
(a) Microscopic images of 50% OA 50% POPC giant vesicles (labeled with red Rodamine-PE and 
green BODYPI-C12) in the absence of Mg2+(left), after the slow addition of Mg2+ to a final 
concentration of 50 mM (middle), and then after repeated partial dilution with water to approx. 6 
mM Mg2+ (right), scale bar 50 µm. (b) Size distribution of vesicle population before (top) and after 
(bottom) addition of Mg2+. 
 
 We hypothesized that this volume loss might result from water efflux from the 
vesicles due to the increased ionic strength of the medium following the addition of Mg2+. 
To test this, we prepared pure POPC or 50% POPC hybrid vesicles that contained 10 mM 
partially self-quenched calcein. We then increased the external ionic strength by adding 
Mg2+ and used the change in fluorescence intensity to calculate the vesicle volume change. 
a)
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We found that an increase of 150 mM in ionic strength due to added MgCl2 caused a 50% 
volume decrease in POPC vesicles, while 50% POPC hybrid vesicles shrank only 20% 
presumably because of much faster Mg2+ permeation (Figure A3.8). Taken together, the 
above observations suggest that when hybrid vesicles are exposed to added Mg2+, the Mg2+ 
binds to the fatty acids to neutralize surface charge and reduce repulsion, with charge 
bridging ultimately leading to vesicle adhesion and aggregation. Following water efflux to 
equilibrate internal and external osmolarity, the resulting volume decrease would allow 
increased contact area between neighboring vesicles, leading to the observed honeycomb 
morphology within vesicle clusters.  
 We then asked whether the Mg2+ induced vesicle aggregation and enlarged surface 
contact area could be reversed by gradual dilution of the external Mg2+. During careful and 
repeated gradual dilution with isotonic media, we found that the surface contact area 
between neighboring hybrid vesicles gradually decreased, and vesicles gradually regained 
their spherical morphology (Figure 4a, right). At the end of a 15 min dilution process, at 
which the overall Mg2+ concentration was approximately 6 mM, vesicle aggregates were 
largely but not completely dissociated, and over 93% of vesicles in the field had a 
circularity index (4𝜋𝐴/𝐿9, A: area, L: perimeter) above 0.9 compared with less than 30% 
before dilution of the Mg2+. 
 
3.2.4 Primer extension inside vesicles  
 Ultimately, shifts in the composition of primitive membranes would be expected to 




ability to retain and replicate its RNA genome. Our results so far show that increasing 
levels of phospholipid stabilize vesicles and increase the retention of oligonucleotides, 
even in the presence of otherwise disruptive concentrations of Mg2+. Furthermore, the 
permeability of the membrane to the essential catalytic divalent cation Mg2+ remains high 
up to at least 50% POPC in the membrane. Finally, the permeability of substrate molecules 
such as activated nucleotides remains good at 25% POPC but is significantly decreased at 
50% POPC. We therefore examined how blended membranes affected two RNA-
dependent reactions: nonenzymatic template-directed primer extension and the ribosomal 
translation of green fluorescent protein (GFP).  
 
Non-enzymatic RNA copying inside blended membranes 
 We began by assessing how non-enzymatic RNA copying would proceed inside 
hybrid vesicles. This reaction benefits from high membrane permeability in that both 
reactive nucleotides and divalent cations must cross the vesicle bilayer to react with and 
extend an encapsulated primer/template complex (Figure 3.5a). Divalent cations such as 
Mg2+ must be chelated to ensure fatty acid vesicle stability, (Adamala and Szostak, 2013b)  
but this leads to a decrease in the efficiency of the primer extension reaction. We therefore 
wondered if the ability to use higher concentrations of un-chelated Mg2+ with blended 
membranes would offset the reduction in nucleotide permeability, and ultimately enhance 
the efficiency of the RNA copying reaction inside vesicles. We encapsulated a 
primer/template complex within 100% oleic acid or 50% OA: 50% POPC vesicles, 




to the external solution. This nucleotide should gradually cross the vesicle membrane and, 
in the presence of Mg2+, copy the encapsulated template. To initiate the reaction, we then 
added citrate-chelated Mg2+ to oleic acid vesicles and an equivalent amount of unchelated 
MgCl2 to hybrid vesicles and allowed the reaction to proceed for 12 hours.  
 Analysis of the reaction products showed that the RNA copying reaction was most 
efficient, and yielded more of the fully extended product, within the blended membrane 
system for all Mg2+ concentrations tested (Figure 3.5b, c). The benefit of using unchelated 
Mg2+ was most apparent at low concentrations (10 mM) of the cation, where there was a 
5-fold increase in the fraction of fully copied template in blended membranes compared to 
pure OA vesicles that utilized chelated Mg2+. On a primitive earth where low levels of 
divalent ions may have been present at any given time, the ability of a protocellular system 
to produce RNA products with greater efficiency than competing vesicles would be a 
selective advantage. On the other hand, the larger amount of unreacted primer observed 
within the hybrid vesicles likely reflects the variability in the permeability of the hybrid 
membrane to nucleotides; vesicles positioned in the middle of a honeycomb cluster in the 
Mg2+ solution would not be well-exposed to the surrounding media. Nevertheless, the 
benefit of hybrid membranes for nonenzymatic RNA copying is clear, because they allow 





Figure 3.5 Hybrid membranes promote non-enzymatic and enzymatic catalysis within 
vesicles  
(a) Scheme of non-enzymatic primer extension inside vesicle. (b) PAGE analysis of a non-
enzymatic primer extension reaction conducted in the presence of either 50% OA-50% POPC 
membranes (top) or 100% OA membranes (bottom). Reactions in the presence of the pure fatty 
acid membrane utilized magnesium chelated to citric acid (at a 1:4 Mg2+: citric acid ratio) while 
reactions with 50% OA used unchelated magnesium. (c) Fraction of fully extended product in pure 
OA and 50% OA vesicles with different Mg2+ concentration. (d) In vitro translation of GFP 
monitored by GFP fluorescence of a cell free transcription/translation system incubated with 
vesicles of different compositions. GFP fluorescence is reported normalized to the GFP signal from 
the reaction conducted in solution (no vesicles). Increasing the content of oleic acid in the vesicle 
membranes leads to a reduction in translation of GFP, with negligible protein production measured 
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Transcription-translation in the presence of blended membranes 
 We next turned our attention to a multi-enzyme reaction that is a central aspect of 
modern cellular function: the transcription/translation system. All modern cells utilize 
proteins to maintain cellular growth, maintenance and division. DNA and RNA 
polymerases are key enzymes in this process as they generate the genetic sequences that 
will be translated into specific proteins. Yet, many fatty acids strongly inhibit polymerase 
activity (Mizushina et al., 2000), posing the question of how this enzymatic activity might 
have emerged in primitive membranes containing fatty acids. We wondered if 
phospholipids, which we previously showed improve fatty acid retention in membranes, 
might enable transcription and translation in the presence of fatty acid membranes by 
similarly preventing inhibitory fatty acid-polymerase interactions.  
 We utilized a cell-free in vitro transcription-translation system (PURExpress) and 
DNA encoding the protein GFP to assess gene transcription and translation. This reaction 
mixture was incubated with vesicles of varying compositions of fatty acid and 
phospholipid. We observed that in the presence of pure oleic acid vesicles, the appearance 
of GFP fluorescence was strongly inhibited (Figure 3.5d). As the vesicle composition 
increased in phospholipid content, GFP production increased. Pure phospholipid vesicles 
displayed similar levels of GFP production relative to samples that contained no vesicles 
(solution). Free fatty acids have long been known to inhibit a variety of enzymes. The 
mechanism of inhibition is thought to be due to hydrophobic interactions of the fatty acid 
with the substrate binding pocket of the enzyme and/or a detergent-mediated alteration to 




would certainly create difficulties for emerging catalytic polymers that had an affinity for 
fatty acids. Our results suggest that phospholipids, by competitively binding fatty acids, 
may have allowed for the emergence of enzymatic activity in primitive cells. 
 
3.3. Discussion 
 We have shown that phospholipids can stabilize model protocell vesicles made of 
oleic acid, allowing the vesicles to tolerate the presence of the divalent cation Mg2+, which 
is essential for many catalytic processes. The presence of fatty acids, in turn, allows for 
small molecule permeability, including the permeation of divalent cations and nucleotides, 
both essential components of a primitive metabolic system. These complementary physical 
attributes of stability and permeability ultimately enable the encapsulated reactions that 
would have been critical in an evolving protocellular system. The fact that these two classes 
of amphiphiles would be expected to bracket the transition of protocell membrane 
composition from fatty acids to phospholipids, suggests that their coexistence, prior to the 
development of transporter molecules, could have facilitated the initial stages of the 
evolutionary transition in membrane composition.  
 Our study has shed further light on the selective pressures that may have prompted 
cell membranes to evolve towards phospholipids. In Figure 3.6, we illustrate the various 
ways in which phospholipids could enhance the fitness of a protocellular system. As we 
have previously suggested, di-acyl phospholipids could have initially emerged in primitive 
cells upon the development of acyl-transferase catalysts, such as ribozymes, that were able 




in a fatty acid membrane will drive vesicle growth at the expense of nearby vesicles with 
less phospholipid (Budin and Szostak, 2011). Because of their strong growth advantage, 
protocells able to synthesize phospholipids would be expected to take over the population, 
and subsequent competition would create a selective pressure for the evolution of 
increasing levels of phospholipids in protocell membranes. Our results show that as long 
as the membranes retain a substantial proportion of fatty acids, vesicle membranes would 
retain good permeability to Mg2+ and significant permeability to nutrients such as 
nucleotides. Interestingly, the presence of phospholipids in protocell membranes would 
confer another potentially very important selective advantage, namely the ability to survive 
in environments containing high levels of Mg2+. Because Mg2+ is an important catalyst of 
a variety of both nonenzymatic and enzymatic reactions, the ability to tolerate high levels 
of environmental Mg2+ would allow protocells to colonize new environments. Finally, we 
have shown that phospholipids help to retain fatty acids in membranes, thereby decreasing 
the concentration of free fatty acids in solution and consequently decreasing fatty acid 
inhibition of protein catalysts such as RNA polymerase. Fatty acid retention has been an 
overlooked issue in terms of vesicle–confined reactions. While fatty acids are compatible 
with many RNA-based catalysts (Adamala, Engelhart and Szostak, 2015; Engelhart, 
Adamala and Szostak, 2016), fatty acids are known to inhibit a variety of protein-based 
enzymes. For example, linoleic acid (C18) was reported to result in 50% inhibition of DNA 
polymerase a activity at a concentration of 35 µM and complete inhibition at 60 µM 
(Mizushina et al., 2000). The confinement of fatty acids to membranes could therefore 




including transporter capabilities that would further reduce the need for fatty acids to 
provide membrane permeability.  
 
Figure 3.6 Scheme of lipid and catalysis co-evolution 
(a) Phospholipid synthesis from fatty acids by ribozyme catalysis; (b) Competitive growth of 
blended membranes promoted by the presence of phospholipids; (c) Fatty acid presence in blended 
membrane promotes permeability to small metabolic building blocks; (d) Phospholipid presence in 
hybrid membranes promotes stability to divalent cations and (e) protein-based enzymes; e. 
Evolution of enzymes is possible in the presence of phospholipids. 
 
 As we continue to gain understanding of how an adaptive protocellular system 
might have developed on the early earth, we increasingly find that heterogeneity imbues 
model prebiotic systems with unexpected and advantageous characteristics.(Szostak, 2011) 
Mixtures of amphiphiles can lead to improved vesicle stability or membrane formation at 
lower amphiphile concentrations than the constituent parts allow (Cape, Monnard and 




formation (Lonchin et al., 1999). Heterogeneity in the structure of RNA, including 
variation in backbone linkages, oligomer length, and sequence, may also provide 
advantages, for example by decreasing the melting temperatures of RNA duplexes 
compared to more homogeneous molecules (Prywes et al., 2016; Engelhart, Powner and 
Szostak, 2013). Along these lines, we find that mixtures of membrane components enable 
the coexistence of increased permeability and stability, which would be expected to be 
advantageous to early protocells. While our study investigated a simple mixture of oleic 
acid and POPC, these amphiphiles represent simple models of a primitive monoacyl, and 
modern diacyl amphiphile. It is likely that other complex membrane compositions, not yet 
thoroughly studied, might allow for even greater stability alongside greater membrane 
permeability than our study reports. The work presented here, however, expands our 
understanding of how diacyl lipids affect the physical properties of monoacyl systems, and 
sets the stage for future investigations of more complex systems. Our results, along with 
evidence that the physical properties of the membrane can influence proximal catalytic 
events (Adamala and Szostak, 2013; Walde et al., 2014), provide a further connection 
between vesicle membranes and their encapsulated genomic material and the reasons for 
their initial association. 
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CHAPTER 4 Non-enzymatic RNA Copying in Giant Multilamellar Protocells 
4.1 Introduction 
 A protocell is a self-organized, self-ordered, spherical collection of lipids 
encapsulating informational or metabolic materials. Protocell is considered as the simplest 
system that bears some features of life and an important experimental model to study the 
origin of cellular life. The protocell membrane is consisted of single or multiple bilayers 
of prebiotic favorable single chain amphiphilic molecules (i.e. fatty acid), providing a 
confined compartment for the internal materials and preventing them from dilution. When 
pH is in a proper region, usually from neutral so slightly basic, fatty acids could self-
assembly into bilayer membranes from either rehydrating lipid film or decreasing the pH 
of the micelle solution (Walde et al., 2010). The resulting spontaneously formed vesicles 
have multilamellar structure and heterogeneous sizes, in which monodisperse giant 
multilamellar vesicles (GMV) can be extracted through extrusion-dialysis (Zhu and 
Szostak, 2009b) and small unilamellar vesicles (SUV) can be acquired through extrusion 
or sonication (Walde, Namani and Morigaki, 2006). Using these fatty acid protocells, our 
lab has successfully demonstrated that they can host prebiotic genetic material 
amplification reactions, ie. non-enzymatic DNA and RNA copying (Mansy et al., 2008; 
Adamala and Szostak, 2013), and ribozyme catalytic reactions (Chen, Salehi-Ashtiani and 
Szostak, 2005). In addition, when provided fatty acid micelles, multilamellar fatty acid 
vesicles are able to grow and divide, providing potential mechanism for early cell cycle 
(Zhu and Szostak, 2009a). Protocell membrane, other than just creating compartment 




the polymerization of prebiotic genetic materials or other biochemical reactions (Kamat et 
al., 2015) by transferring reagents from 3D environment to 2D interface. Driven by the 
special multi-layered membrane structure and giant internal space of fatty acid GMV, we 
are interested in studying its impact on genetic and metabolic reactions encapsulated inside. 
Here, we report making oleic acid GMV by extrusion-dialysis method and using it to host 
non-enzymatic RNA replication. 
	
4.2 Results 
4.2.1 Extrusion-dialysis method for GMV preparation 
 We first applied the extrusion-dialysis method (sketched in Figure 4.1A) that was 
previously developed in lab (Zhu and Szostak, 2009b) to make monodisperse micron size 
giant multilamellar fatty acid vesicles. We prepared oleate vesicles containing encapsulated 
calcein by hydrating lipid film in 250 mM tris-HCl buffer pH 8 with 2 mM calcein. Vesicles 
were then extruded through 8 µm pore size polycarbonate membrane to remove potential 
aggregates and bring down the size within 8 µm. Then, we transferred the extruded vesicles 
into a lab-made dialyzer cassette with 1 µm pore size membrane, and dialyzed against plain 






Figure 4.1 Extrusion-dialysis for GMV formation 
(A) Schematic diagram of vesicle extrusion-dialysis method. (B) Purification traces of vesicles 
(100 mM oleic acid) prepared with 2 mM calcein, before and after dialysis against a dye-free 
dialysis buffer. (C) Microscopic images of fatty acid vesicles (containing 2 mM calcein) after being 
extruded through 8 µm pores (left) and then after 10 rounds of dialysis using membranes with 1 
µm pores (right). Scale bar, 5 µm. (D) Confocal images of giant multilamellar oleate vesicles after 
extrusion-dialysis. Scale bar, 1 µm. (E) Calcein and RNA retention in GMV and SUV after 12 h 
incubation with 50 mM MgCl2 and 200mM citrate. 
 
 To test the removal of unencapsulated small molecules from dialysis, we ran 
column purification of vesicles before and after each round of dialysis. The purification 
traces of vesicles (Figure 4.1B) revealed a clear decrease of free dye peak through dialysis.  
 We also monitored the size change of vesicle population under microscope. After 
extruded through 8 µm pore sized membrane, vesicles were highly heterogeneous in size 
as expected (Figure 4.1C); but after 10 rounds of dialysis, vesicles smaller than 1 µm in 
the population were efficiently eliminated and the final vesicles with calcein encapsulated 
between 1-8 µm in size. Under confocal microscope, these final vesicles were all 

















































compartments, which was as anticipated, since vesicles formed through thin film 
rehydration had indiscriminated multilamellar structure predominately.  
 
4.2.2 Stability and permeability 
 For a functional protocell, membrane stability and permeability were two 
fundamental features to ensure the success of internal genetic material replication or 
catalytic metabolism. Especially, for non-enzymatic RNA copying, vesicle membrane 
should be stable in the presence of high Mg2+ concentration but still allow exchange of 
chemical building blocks to exchange through the membrane. Here, we prepared oleate 
GMV (1-8 µm, extrusion-dialysis) and SUV (100 nm, extrusion) containing both 
fluorescently labeled RNA oligo and small fluorescent dye (calcein) for membrane stability 
and permeability analysis. We incubated the purified GMV and SUV with 50 mM Mg2+ 
and 200 mM citrate for 12 h and then repurified vesicles through size exclusion column to 
check the retention of RNA and calcein. The retention of RNA oligo from GMV and SUV 
was around 96% and 86% respectively (Figure 1F), indicating a slightly better membrane 
stability of GMV than SUV. Meanwhile, both GMV and SUV presented excellent 
permeability to small charged molecules given that more than 50% of calcein freely 





4.2.3 Non-enzymatic RNA copying in GMV 
 Our results so far showed that we could make oleate monodisperse GMV through 
extrusion-dialysis method and the GMV were stable and permeable at the same time. We 
therefore proceeded to use GMV to host non-enzymatic RNA copying reaction, wherein 
chemically activated nucleotides or oligomers undergo template-directed polymerization 
(Figure 4.2A). We encapsulated primer/template complex in both oleate GMV and SUV, 
added magnesium citrate then completely removed the unencapsulated RNA following 
established protocol (Jin et al., 2018). Then we transferred the vesicle sample into one side 
chamber of a previously developed small-volume liposome dialyzer (Adamala, Engelhart 
and Szostak, 2015), and filled the other chamber with fresh activated 2-MeImpG monomer 
solution containing the same concentration of magnesium citrate. These activated 
mononucleotides should gradually cross the polycarbonate membrane between two 
chambers and diffuse into vesicles eventually to extend the RNA primer. In order to 
continuously provide fresh activated monomers to primer extension reaction, we changed 
the monomer solutions every 12 h. To check the extension result, we repurified 50 uL 
vesicle sample at each time point, then lysed the vesicles to extract RNA for PAGE gel 
analysis. Analysis of the reaction products showed that RNA could successfully extend in 
both GMV and SUV. The reaction rate in GMV was about 50% faster than that in SUV 
with both 40 mM and 30 mM activated monomer tested (Figure 2B-D). After 48 hours, 
more than 96% of original primers were extended in GMV given 40 mM 2-MeImpG. It 
seemed like the multilamellar structure of GMV not only allowed the transit of activated 





Figure 4.2 Non-enzymatic RNA primer extension in GMV and SUV 
(A) Scheme of template-directed non-enzymatic RNA primer extension. (B)-(D). Results of non-
enzymatic RNA primer extensions in SUV (pink) or GMV (yellow). PAGE gel image (B) was 
analyzed and time courses of unextended primer remaining vs. time was plotted in (C). Squares, 
40 mM 2-MeImpG; circles, 30 mM 2-MeImpG. Lines were linear fits, R2>0.95; the slopes were 
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 We hypothesized that this faster polymerization might result from a more 
hydrophobic microenvironment between the tightly packed membrane bilayers in GMV 
that promotes hydration condensation reaction. Of notice, nucleotide polymerization was 
previously observed when tracking nucleotides between DMPC bilayers (Rajamani et al., 
2008). Non-enzymatic primer extension was facilitated also by bringing RNA duplex to 
the vesicle surface by electrostatic interaction with membrane binding positively charged 
peptides (Kamat et al., 2015). But our finding was the first time to observe the catalytic 
effect of lipid membrane on non-enzymatic RNA polymerization with natural RNA 
oligonucleotides and vesicles without other helper molecules.  
 
4.3 Discussion  
 Here we have shown that, using extrusion-dialysis method, we could form pure 
giant multilamellar fatty acid evolvable protocells that provide a more favorable 
microenvironment for non-enzymatic RNA replication reaction compared to small 
unilamellar protocells. The multi-bilayer membrane structure of GMV doesn’t limit the 
passive trans-membrane diffusion of small charged molecules in the absence of permease, 
whereas better protects the encapsulated long oligonucleotides from leaking out in the 
presence of Mg2+ and citrate. The great permeability and stability of GMV give solid 
precondition to host the non-enzymatic RNA replication, which is twice as fast as that in 
SUV. This further concludes that lipid membrane for protocell also has catalytic effect 
other than just function as compartment boundary. Currently, there’s still barely any 




groups tied to use microfluidic technique to achieve this with phospholipids and yield was 
relatively low (Matosevic and Paegel, 2013). In order to further investigate the lamellarity 
effect on protocells, we anticipate new techniques to make identical GMV with desired 
number of bilayers experimentally, and comprehensive simulation model to study this 
computationally in the near future. 
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APPENDIX 1 Preparation, Purification, and Use of Fatty Acid-containing 
Liposomes 
Liposomes containing single-chain amphiphiles, particularly fatty acids, exhibit 
distinct properties compared to those containing diacylphospholipids due to the unique 
chemical properties of these amphiphiles.  In particular, fatty acid liposomes enhance 
dynamic character, due to the relatively high solubility of single-chain amphiphiles. 
Similarly, liposomes containing free fatty acids are more sensitive to salt and divalent 
cations, due to the strong interactions between the carboxylic acid head groups and metal 
ions. Here we illustrate techniques for preparation, purification, and use of liposomes 
comprised in part or whole of single chain amphiphiles (e.g., oleic acids). 
 
A1.1 Introduction 
 Liposomes, or vesicles – compartments bounded by bilayer membranes comprised 
of amphiphilic lipids – have found use in numerous biomedical applications as delivery 
vehicles for pharmaceuticals, models of cell membranes, and for the development of 
synthetic cells. We and others have also employed liposomes as models of primitive cell 
membranes in early life (Hanczyc, Fujikawa and Szostak, 2003)(Mansy et al., 2008)(Apel, 
Deamer and Mautner, 2002)(Walde et al., 1994). Typically, in such systems, we employ 
single-chain amphiphiles containing only one lipid hydrocarbon tail (e.g., oleic acid), as 
these molecules are simpler to synthesize without the benefit of the coded protein enzymes 





Liposomes comprised of single-chain lipids are similar to those formed from 
diacylphospholipids (e.g., 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, or POPC) 
in that the boundary is composed of bilayer membranes. Liposomes formed from either 
class of lipids can retain a dissolved payload, and can be downsized and purified by 
different techniques. Several important differences result from the unique chemical 
characteristics of single-chain lipids. Vesicles formed by phospholipids are stable over a 
broad pH range, while fatty acid vesicles are only stable at neutral to mildly basic pH (ca. 
7-9), which requires certain pH buffer for vesicle preparation. Most of the time, this buffer 
may also contain specific soluble molecules for vesicle encapsulation, which can be either 
functional materials (e.g., RNA) for compartmentalized biochemical reactions or simple 
fluorescent dyes (e.g., calcein) for vesicle characterization. 
 The presence of only a single hydrocarbon chain produces a membrane that is both 
more permeable to solutes, as well as more dynamic. Additionally, the carboxylic acid head 
group present in fatty acids results in vesicles that are more sensitive to the presence of salt 
and divalent cations (e.g., Mg2+). Magnesium is one of the most important divalent cations 
for catalyzing biochemical reactions in protocells for origin-of-life studies. In early life, 
prior to the evolution of sophisticated protein enzymes, RNA may have been the dominant 
polymer, due to its dual capability to self-replicate and perform catalysis. One 
representative example of a magnesium-requiring RNA related reaction is non-enzymatic 
RNA copying, first demonstrated in 1960s (Sulston et al., 1967). When chemically 
activated RNA nucleotides (i.e. 2-methylimidazolide nucleotides) bind to a preexisting 




an adjacent activated monomer to displace the leaving group (i.e. 2-methylimidazole), and 
forms a new phosphodiester bond. This RNA copying chemistry requires a high 
concentration of Mg2+, which needs to be chelated in order to be compatible with fatty acid 
protocells (Adamala and Szostak, 2013). Another Mg2+-dependent reaction is that 
catalyzed by the hammerhead ribozyme, which is perhaps the best-characterized catalytic 
RNA. This ribozyme, which can be reconstituted from two short oligonucleotides, 
performs a self-cleavage reaction that is convenient to monitor by a gel shift. As such, it is 
frequently employed as a model ribozyme in origin-of-life studies (Uhlenbeck, 1987). Due 
to a requirement by this ribozyme for unliganded magnesium, liposomes are typically 
constructed by a mixture of fatty acid and fatty acid glycerol esters, which are more stable 
to magnesium (Chen, Salehi-Ashtiani and Szostak, 2005; Adamala, Engelhart and Szostak, 
2016). In this protocol, we present techniques we have developed for the preparation, 
manipulation, characterization of these vesicles and demonstrate application of these 
vesicles as protocells to host non-enzymatic RNA copying and hammerhead ribozyme 
catalysis. 
 
A1.2 Protocol  
1. Vesicle preparation 
1.1. Preparation of thin films 
1.1.1. Use gas tight syringes to transfer certain amount of lipids as described in Table 




1.1.2. Evaporate the resulting solution under a stream of nitrogen or argon in the fume 
hood. 
1.1.3. Subject the resulting thin film to house vacuum for at least two hours to remove 
any chloroform residue. The lipid can be left under vacuum overnight at this point.  
 
Component Stock Amount 
Oleic acid >99% 11.7 µL 
Chloroform   1 mL 
Table A1.1 Pure oleic acid in chloroform   
Component Stock Amount 
Oleic acid >99% 10.5 µL 
Glycerol monooleate >99% 1.4 µL 
Chloroform   1 mL 
Table A1.2 oleic acid and glycerol monooleate (9:1) in chloroform 
Component Stock Amount 
Oleic acid >99% 1.6 µL 
Rhodamine-PE in chloroform 10 mM 20 µL 
Chloroform   1 mL 
Table A1.3 oleic acid with 0.2mol% Rhodamine-PE in chloroform 
 
1.2. Rehydration of vesicles 
1.2.1. Prepare 10 mL 5 mM calcein 250 mM tris-HCl pH 8.0 hydration buffer by 
dissolving 31 mg calcein powder in 2.5 mL 1 M tris-HCl pH 8.0 buffer and adding 
another 7.5 mL DI water.  
1.2.2. Pipette 250 µL of above hydration buffer into an empty tube and add 1.875 µL 10 




solution to the thin film of dry lipid to form vesicles with a total lipid concentration 
of 0.15 M.  
1.2.3. Use high-speed (>3000 rpm) vortexer to vortex the resulting mixture for 4-5 
seconds. 
1.2.4. Leave the lipid-buffer mixture on a low speed (ca. 30 rpm) rotating shaker to 
rehydrate, at least overnight. 
 
1.3. Sizing of vesicles (optional) 
1.3.1. Using tweezers, apply one filter support to each inner surface of the syringe ports 
of the extruder. 
1.3.2. Wet each filter support with 250 mM tris-HCl, pH 8.   
1.3.3. Using tweezers, apply one track-etched 100 nm polycarbonate membrane to one of 
the extruder O-rings and filter supports. Taking care to not tear or puncture the 
membrane, gently push the membrane into the O-ring so as to make good contact 
between the two surfaces. 
1.3.4. Assemble the extruder, taking care not to displace the membrane and filter supports. 
1.3.5. Fill an extruder syringe with ca. 0.5 mL 250 mM tris-HCl, pH 8. Insert this syringe 
into one side of the extruder. 
1.3.6. Insert an empty syringe into the other side of the extruder. 
1.3.7. By hand, push the plunger of the syringe containing buffer slowly (≤ 50 µL/sec), 




intact. It is helpful to practice this step without a membrane in place in order to gauge 
the expected level of resistance. 
1.3.8. Remove and empty the two syringes. It is not necessary to clean the two syringes 
at this stage since they contain buffer of identical composition to the liposome 
preparation. 
1.3.9. Load the liposome preparation into one of the two syringes. 
1.3.10. Reassemble the extruder with syringe containing vesicle sample on the left side and 
empty syringe on the right side. 
1.3.11. By hand, push the plunger of the syringe containing vesicle sample very slowly 
(10-25 µL/sec). 
1.3.12. Carefully observe the syringe on the right side of the extruder; clear buffer will 
initially enter the right side of the extruder (ca. 50 µL, this is due to the inner dead 
volume of the extruder), followed by a small plume of extruded liposomes. 
Immediately stop pushing at this point, remove the syringe on the right side of the 
extruder, and discard this solution.  
1.3.13. Replace the syringe on the right side of the extruder and extrude until the left 
syringe is empty. 
1.3.14. Reverse the orientation of the extruder and repeat step 13. Continue for the desired 
number of cycles (typically 7, 9, or 11); an odd number is always used to ensure un-
extruded liposomes are not collected from the syringe initially containing the pre-




1.3.15. Gently dispense the contents of the right syringe into an Eppendorf tube and place 
the tube on a low speed (ca. 30 rpm) rotating shaker for around 0.5 hour. 
1.3.16. Proceed with vesicle purification, as described in Section 2. Extruded vesicles 
should be used within 24 h or re-extruded before next time use.  
 
2. Vesicle purification 
2.1. Preparation of vesicle purification mobile phase  
2.1.1. Prepare 5 mL 250 mM tris-HCl pH 8 hydration buffer by adding 1.25 mL 1 M tris-
HCl pH 8 buffer, 3.75 mL DI water to a 15 mL Falcon tube. Then add 37.5 µL 10 M 
NaOH (½ equivalent of base relative to unesterified fatty acid) to the hydration buffer. 
Pipette 235 µL pure oleic acid directly into the Falcon tube resulting a vesicle solution 
with 0.15 M total lipids.  
2.1.2. Use high-speed (>3000 rpm) vortexer to vortex the mixture for 4-5 seconds, then 
tumble on a low speed rotating shaker for at least 2 h. The lipid preparation can be 
left overnight on the rotating shaker at this point. Filter the mobile phase through 0.22 
µm syringe filter unit before use to remove any potential aggregates. 
 
2.2. Purification of vesicles on Sepharose 
2.2.1. Remove ca. 5 mL of ethanolic Sepharose 4B slurry from the bottle using a pipet. 
Apply this to a disposable 10 mL chromatography column. 
2.2.2. Allow the slurry to settle and ethanol flow-through until ethanol approaches top of 




2.2.3. Apply 5 mL of deionized water to the top of the resin and let flow-through to wash 
away ethanol residue. 
2.2.4. Apply 250 mM tris-HCl, pH 8 in 1-2 mL portions to the top of the resin, applying 
a new portion each time the liquid level approaches the top of the resin bed. Repeat 
for 3-5 times.  
2.2.5. Clamp the column on the retort stand, then connect the tip of column with stopcock 
connector and tubing to the fraction collector. Add another portion of buffer to flush 
the tubing, close the stopcock when the liquid level in column approaches the top of 
resin. 
2.2.6. Apply the extruded vesicles from Section 1 to the top of the resin using a 200 µL 
pipettor, taking care to apply the vesicle preparation as evenly as possible to the resin 
without touching the resin bed or column wall. 
2.2.7. Open the stopcock to begin the flow and start collecting fractions into a 96-well 
plate. Apply vesicle purification mobile phase to the top of the resin bed in 0.5-1 mL 
portions as the buffer depletes, taking care not to allow the resin bed to dry out. Collect 
in five-drop fractions, collecting at least 36 wells (three rows of a 96-well plate). 
 
2.3. Fluorescence characterization of purification fractions 
2.3.1. Take the 96-well plate from the previous section and read it on a plate reader 
(λex=485 nm, λem=515 nm). 
2.3.2. Plot the resulting fluorescence data as fluorescence vs. fraction number. Vesicles 




2.4. Repurification of vesicles to monitor vesicle leakage 
2.4.1. Repeat the purification and characterization steps in Sections 2.2 and 2.3. Vesicles 
that have retained their contents will exhibit no peak of unencapsulated solute (or a 
very small one of ca. 5-10% of the intensity of the vesicle peak). 
 
3. Use of Vesicles in the Presence of Magnesium 
3.1. Use of unliganded magnesium 
3.1.1. Prepare and purify vesicles as described in sections 1, 2.1 and 2.2.  
3.1.2. Prepare 1 mL 50 mM MgCl2 solution in 250 mM tris-HCl pH 8.0 buffer by adding 
250 µL of 1 M tris-HCl pH 8.0 buffer and 50 µL 1 M MgCl2 to 700 µL DI water. 
Vortex to mix well. 
3.1.3. To give the desired magnesium concentration of 5 mM, mix 0.9 mL purified 
vesicles and 100 µL magnesium solution and stir rapidly to minimize vesicle 
disruption by transient exposure of vesicles to high local concentration of magnesium. 
Note: Rapid mixing of magnesium solution is critical to vesicle stability. If magnesium and 
vesicles are not quickly mixed by immediate vortexing, some vesicles will be exposed to 
higher concentrations of magnesium, resulting in inconsistent results from sample to 
sample. 
3.1.4. Leave the vesicle sample on a tumbler for at least 30 min before repurification as 
described in 2.4 to check for contents leakage. Add the same concentration of 





3.2.  Use of liganded magnesium 
3.2.1. Prepare and purify vesicles as described in sections 1, 2.1 and 2.2. 
 Note: Use ½ equivalent KOH instead of NaOH to deprotonate fatty acids; we have found 
this produces more stable liposomes in chelated MgCl2 systems.  
3.2.2. Prepare 2M potassium citrate solution and adjust pH to 8.0 with KOH. 
3.2.3. Premix MgCl2 and potassium citrate at the specified ratio (ca. 1:4 for stable oleic 
acid vesicles) in 250 mM tris-HCl pH 8.0 buffer. 
3.2.4. Add premixed magnesium citrate solution to the vesicle sample, briefly vortex. 
Note: Always premix magnesium and ligand solution. Never expose vesicles to unchelated 
magnesium solution alone. 
3.2.5. Leave the vesicle sample on a tumbler for at least 30 min before repurification as 
described in 2.4. Add the same concentration of magnesium and citrate as in the 
vesicle sample to the repurification mobile phase. 
 
4. Non-enzymatic RNA Copying in Vesicles 
4.1. Preparation of monodisperse RNA encapsulated vesicles  
4.1.1. Prepare a dry oleic acid film as described in section 1.1 
4.1.2. Prepare vesicle rehydration buffer with 50 µM fluorescent labeled RNA primer, 
150 µM RNA template and 250 mM tris-HCl pH 8.0 containing ½ equivalent KOH 
relative to oleic acid. 
4.1.3. Add 250 µL rehydration buffer to the lipid film and follow step 1.2.2 and 1.2.3 to 




4.1.4. In order to make small unilamellar monodisperse vesicles, follow section 1.3 for 
vesicle extrusion. 
 
4.2. Magnesium-citrate addition and vesicle purification 
4.2.1. Premix magnesium and citrate stocks, and then mix this with the vesicle sample to 
a final lipid concentration of 0.1 M. 
4.2.2. Purify vesicles on Sepharose 4B size exclusion column, with 250 mM tris-HCl pH 
8.0, 0.1 M lipids and given magnesium and citrate as mobile phase. 
4.2.3. Collect vesicle fractions by following section 2.3. 
 
4.3. Primer extension reaction 
4.3.1. Prepare 200 mM 2-MeImpG (guanosine 5'-monophosphate 2-methylimidazolide) 
stock solution with 250 mM tris-HCl pH 8.0. (Note: Follow previous published 
protocol(Joyce, Inoue and Orgel, 1984) for 2-MeImpG synthesis.) 
4.3.2. To initiate primer extension reaction, transfer 150 µL of 2-MeImpG stock solution 
to 450 µL vesicle sample to reach a final concentration of 75 mM lipid and 50 mM 
activated monomer. Start the timer and keep the reaction sample tumbling all the time.  
4.3.3. (optional) For continuous fresh monomer feeding, transfer 300 µL of reaction 
solution to one chamber of a lab constructed small-volume liposome dialyzer 
(Adamala et al., 2015) and put 300 µL feeding solution in the other chamber. The 
feeding solution should contain all the ingredients at the same concentration as in the 




Each round of dialysis takes 1–24 h, depending on the analyte and membrane used. 
4.3.4. For kinetic studies, take a 100 µL aliquot at each time point, and repurify the aliquot 
through a Sepharose 4B size exclusion column with 250 mM tris-HCl pH 8.0 as the 
mobile phase. 
4.3.5. Collect the vesicle fractions in a 1.5 mL Eppendorf tube. 
4.3.6. Pipette Triton to the vesicle fractions to a final around 0.1% v/v. 
4.3.7. Add 0.5 mL cold ethanol to the tube and incubate at -20°C for at least 2 h. 
4.3.8. Centrifuge all the samples at 16.1×1000 rcf (16.1×g) for 10 min and gently pipette 
out the liquids. Wash the RNA pellets with 70% cold ethanol and centrifuge again for 
5 min. Discard the liquid and put the tube with RNA pellets on an 80°C heat block 
for 2 min to evaporate residual ethanol. Dissolve the pellets in 50 µL 8M Urea with 
1xTBE loading buffer. 
4.4. PAGE analysis 
4.4.1. Prepare 20% PAGE gel by mixing 200 mL UreaGel system concentrate, 25 mL 
UreaGel system diluent, 25 mL 10xTBE buffer, 80 µL TEMED and 250 mg 
ammonium persulfate. Quickly pour the gel mixture between clamped gel plates (35 
cm*45 cm) and insert the comb. Wait for at least 30 min till complete polymerization. 
4.4.2. Assemble the gel plate onto the gel stand and fill the gel boxes with 1xTBE gel 
running buffer. Take off the comb and flush the wells with syringe. Pre-run the gel 
with 60 W for 30 min. 





4.4.4. Turn on gel power box and set gel running with constant watts at 60 W for 2.5 h. 
4.4.5. Disassemble the gel plate from the gel stand, wipe clean the glass and put the whole 
plate in gel scanner to start the gel scanning. 
4.4.6. Quantify the gel with ImageQuant TL 1D analysis. Plot the natural logarithm of the 
ratio of the amount of primer remaining at a given time point to the initial amount of 
primer vs. time, fit to a line, and calculate the pseudo-first order reaction rate (Fig. 2). 
 
5. Hammerhead RNA Self Cleavage in Vesicles 
5.1. Preparation and purification of ribozyme encapsulated in vesicles  
5.1.1. Prepare a lipid thin film (OA: GMO=9:1) as in section 1.1 with components as in 
Table A1.2. Note: warm GMO to at least 60 °C for complete melting before using. 
5.1.2. Prepare vesicle rehydration buffer with 5 µM of each hammerhead ribozyme strand 
and 250 mM tris-HCl pH 8.0. 
5.1.3. Add 250 µL rehydration buffer to the lipid film and follow steps 1.2.2 and 1.2.3 to 
make vesicles with 0.15 M total lipid concentration. 
5.1.4. In order to make small unilamellar monodisperse vesicles, follow section 1.3 for 
vesicle extrusion. 
5.1.5. Purify vesicles on a Sepharose 4B size exclusion column, with 250 mM tris-HCl 
pH 8.0, 0.15 M mixed lipids as mobile phase.  
 
5.2. Hammerhead ribozyme self-cleavage reaction 




3.1 to initiate the self-cleavage reaction. 
5.2.2. For kinetic studies, take 100 µL of the mixture at each time point and directly 
repurify this aliquot through a Sepharose 4B size exclusion column with 250 mM tris-
HCl pH 8.0 as mobile phase. Collect the vesicle fraction. 
 
5.3. PAGE Analysis 
5.3.1. Follow steps 4.3.6 to 4.3.8 to prepare RNA loading sample. 
5.3.2. Place commercially casted 15% TBE-Urea gel into gel box and fill the gel box with 
1xTBE gel running buffer. 
5.3.3. Heat the samples on 80°C heat block for 1 min and load 5 µL of each sample per 
well. 
5.3.4. Run the gel with constant 200 V for around 1 h. 
5.3.5. Scan the gel. 
5.3.6. Quantify the gel with ImageQuant TL 1D analysis to measure the extent of cleavage 
by comparing the intensity of remaining substrate RNA band and cleaved RNA 
fragment band (Fig. 3). 
 
6. Giant Fatty Acid Vesicles for Microscopy 
6.1. Preparation of giant fatty acid vesicles 
6.1.1. Follow section 1.1 and Table A1.3 to prepare an oleic acid thin film with 0.2 mol% 




6.1.2. Rehydrate lipid film with 500 µL 250 mM tris-HCl pH 8.0 to make the vesicle 
sample 10 mM lipids in total. The buffer may contain fluorescent dyes or RNA 
molecules if desired. Leave vesicle sample tumbling overnight. 
6.1.3.  Prepare 150 mL pure fatty acid dialysis buffer with 10 mM total lipids by mixing 
470 µL oleic acid and 150 mL 250 mM tris-HCl pH 8.0 containing ½ equivalent 
NaOH. 
6.1.4. Extrude the vesicle sample through a 10 µm polycarbonate membrane to remove 
large aggregates. 
6.1.5. Transfer the vesicle sample into 1 µm large-pore dialysis cassette, as previously 
described.(Zhu and Szostak, 2009) 
6.1.6. Place the dialysis cassette into a 100 mL beaker containing 30 mL dialysis buffer. 
Agitate the beaker gently on a table-top shaker at 80-100rpm. 
6.1.7. Change the dialysis buffer every 30 min for 5 times to remove free dyes or RNA 
and small vesicles. 
6.1.8. Carefully remove the vesicle sample from the dialysis cassette with a syringe and 
transfer to an Eppendorf tube.  
 
6.2. Microscopy Observation 
6.2.1. Pipette 10 µL of vesicles onto a clean standard microscope slide and place a glass 




6.2.2. Observe the vesicles with a 60X oil-dispersion or similar objective by confocal 
microscopy using the appropriate laser source for the fluorescently-labeled 
membrane, RNA or encapsulated dye (Fig. 4). 
 
A1.3 Representative Results  
 We typically perform liposome purifications on size-exclusion columns. Typical 
liposome preparations contain a fluorophore of some kind. When liposomes are generated 
and extruded, the species to be encapsulated are present both inside and outside of the 
liposomes. By purifying liposomes on a size-exclusion resin (Sepharose 4B), 
unencapsulated solutes are retained within the pores of the resin, while the larger liposomes 
are not and elute first (Figure A1.1A). Collecting fractions and plotting fluorescence vs. 
fraction number (Figure A1.1B) typically yields a two-peak trace, with the early-eluting 
fractions corresponding to the liposomes, which are then collected and used in subsequent 
applications. 
 
Figure A1.1 Vesicle purification and fluorescence characterization of purification fraction 
A. Separation of vesicles containing calcein from free calcein on a Sepharose 4B column. B. 
Vesicle and free calcein peak detection by plotting the fluorescence in each well vs. well number 




 We frequently examine nonenzymatic primer extension reactions, which were a 
likely means of RNA replication prior to the emergence of ribozyme and protein-based 
RNA polymerases. These reactions typically employ a fluorescently labeled primer 
(Figure A1.2A), which is extended by activated monomers. These reactions can be 
monitored by gel electrophoresis (Figure A1.2B) and the resulting electropherograms 
integrated to obtain rate constants for a given reaction condition (Figure A1.2C). 
 
Figure A1.2 Non-enzymatic RNA replication inside OA vesicles 
A. Scheme of non-enzymatic RNA primer extension. B. PAGE image of a primer extension 
reaction inside pure oleic acid vesicles, with conditions as in section 4. C. Linear fit of the natural 
logarithm of ratio of amount of primer remaining at given time point to the initial amount of primer 
vs. time over 30 h. Reaction rate, calculated from the slope of ln(P/P0) vs time, is 0.058 h-1. 
 
 To demonstrate that RNA could function inside protocells, we employ hammerhead 
ribozyme self-cleavage (Figure A1.3A) as a model RNA catalytic reaction. This reaction 




they are stable in the presence of 5 mM Mg2+. Similar to primer extension reactions, the 
hammerhead ribozyme self-cleavage reaction can also be monitored by gel electrophoresis 
(Figure A1.3B) and later analyzed to acquire the rate constant under specific conditions 
(Figure A1.3C). 
 
Figure A1.3 Hammerhead ribozyme cleavage in OA/GMO vesicles 
A. Scheme of hammerhead ribozyme cleavage of fluorescently labeled substrate strand (top). B. 
PAGE image of hammerhead ribozyme cleavage inside OA/GMO vesicles with 5 mM Mg2+. C. 
Ribozyme activity inside vesicles. Linear fit of natural logarithm of ratio of amount of substrate 
remaining at given time point to the initial amount of substrate vs. time in first 4 h. Reaction rate, 
calculated from the slope of ln(S/S0) vs time, is 0.36 h-1. 
 
 We image liposomes employing both fluorescence and transmitted light. 
Liposomes can be labeled using fluorescent lipids, which give a membrane label (Figure 
A1.4A), or using a fluorescent solute within their lumen (Figure A1.4B). Transmitted light 





Figure A1.4 Giant fatty acid vesicles for microscopy 
A. Confocal microscopy image of a Rhodamine PE labeled oleic acid vesicle, scale bar 10 µm. B. 
Confocal microscopy image of oleic acid vesicle containing Alexa488 labeled RNA with 
membrane shown in transmitted detector (TD) channel, scale bar 5 µm. 
 
A1.4 Discussion  
 Liposomes formed from fatty acids have been suggested by many as potential 
models for primitive cells due to their high permeability and dynamic properties. The 
carboxylic head group of single chain fatty acids only allows self-assembly into 
membranes in a restricted pH range, and the resulting membranes are quite sensitive to the 
presence of salts. As a result, fatty acid vesicles require different preparation and handling 
methods compared with phospholipid vesicles.  
 In this protocol, although we use oleic acid as an example for liposome formation, 
other long chain unsaturated fatty acids (C³14) and their derivatives (ca. myristoleic acid, 
palmitoleic acid, and the corresponding alcohols and glycerol esters) also form vesicles 
following the thin film rehydration method as long as the total lipid concentration is above 
the cmc and the hydration buffer pH is close to the pKa of the fatty acid within the 
membrane. Other than tris-HCl buffer used in this protocol, other buffer systems (ca. 




vesicles formed in phosphate or borate buffer are usually quite leaky (Zhu, Budin and 
Szostak, 2013). The resulting fatty acid vesicles after rehydration are polydisperse and 
multilamellar, but are easily converted into small monodisperse unilamellar vesicles by 
extrusion as described. Compared with sonication as an alternative method for generating 
small vesicles, extrusion provides more options for the control of vesicle size by applying 
different pore size membranes. Vesicles after extrusion are usually slightly bigger than the 
membrane pore size, but by increasing the number of extrusion cycles, vesicles with a 
narrower size distribution and an average size close to the membrane pore size can be 
obtained.  
 In order to synthesize functional protocells, fatty acid vesicles need to host specific 
biochemical reactions resulting from the encapsulation of RNA or other building blocks. 
The thin film rehydration method provides an easy way to form vesicles containing desired 
encapsulated materials. However, the encapsulation efficiency is relatively low and a large 
fraction of precious materials such as RNA are typically lost during the purification 
process. In some cases the encapsulation efficiency can be modestly improved by repeated 
freeze-thaw cycles before extrusion. Microfluidic methods for the high yield preparation 
of phospholipid liposomes allow for almost 100% encapsulation efficiency, however 
analogous methods have not yet been developed for fatty acid vesicles.  
 When handling protocells with either chelated or free Mg2+, purification after 
magnesium solution addition and repurification before each time point ensures the removal 
of leaked encapsulated material that might affect the accuracy of reaction rate 




separation and to collect vesicle fractions, the analysis of fast reactions is difficult, and the 
reaction must be stopped prior to column repurification.   
 The protocol we present here is well suited for the construction of fatty acid 
liposomes that host reactions mimicking those that might occur in primitive cells. Our 
protocols also enable potential applications in the development of biomedical delivery 
systems and bioreactors for other biochemical reactions. 
 
A1.5 References 
Adamala, K. et al. (2015) ‘Construction of a liposome dialyzer for the preparation of high-
value, small-volume liposome formulations.’, Nat. Protoc. Nature Publishing Group, 10(6), 
pp. 927–38. 
Adamala, K. P., Engelhart, A. E. and Szostak, J. W. (2016) ‘Collaboration between 
primitive cell membranes and soluble catalysts’, Nat. Commun. Nature Publishing Group, 
7, pp. 1–7. 
Adamala, K. and Szostak, J. W. (2013) ‘Nonenzymatic template-directed RNA synthesis 
inside model protocells.’, Science, 342(6162), pp. 1098–100. 
Apel, C. L., Deamer, D. W. and Mautner, M. N. (2002) ‘Self-assembled vesicles of 
monocarboxylic acids and alcohols: conditions for stability and for the encapsulation of 
biopolymers.’, Biochim. Biophys. Acta, 1559(1), pp. 1–9. 
Chen, I. A., Salehi-Ashtiani, K. and Szostak, J. W. (2005) ‘RNA catalysis in model 
protocell vesicles’, J. Am. Chem. Soc., 127(38), pp. 13213–13219. 
Hanczyc, M. M., Fujikawa, S. M. and Szostak, J. W. (2003) ‘Experimental Models of 
Primitive Cellular Compartments : Encapsulation , Growth , and Division’, Science (80-. )., 
302(October), pp. 618–622. 
Joyce, G. F., Inoue, T. and Orgel, L. E. (1984) ‘RNA Template-directed Synthesis on 
Random Copolymers’, J. Mol. Biol., 176, pp. 279–306. 
Mansy, S. S. et al. (2008) ‘Template-directed synthesis of a genetic polymer in a model 




Sulston, J. et al. (1967) ‘Nonenzymatic Synthesis of Oligoadenylates on a Polyuridylic 
Acid Template’, Proc. Natl. Acad. Sci. U. S. A., 59(3), pp. 726–733. 
Uhlenbeck, O. C. (1987) ‘A small catalytic oligoribonucleotide.’, Nature, 328(6131), pp. 
596–600. 
Walde, P. et al. (1994) ‘Autopoietic Self-Reproduction of Fatty Acid Vesicles’, J. Am. 
Chem. Soc., 116(26), pp. 11649–11654. 
Zhu, T. F., Budin, I. and Szostak, J. W. (2013) Vesicle extrusion through polycarbonate 
track-etched membranes using a hand-held mini-extruder. 1st edn, Methods Enzymol. 1st 
edn. Elsevier Inc. 
Zhu, T. F. and Szostak, J. W. (2009) ‘Preparation of large monodisperse vesicles.’, PLoS 




APPENDIX 2 Supplementary Materials for CHAPTER 2 
A2.1 Materials 
 All RNA oligonucleotides were purchased from IDT (Coralville, IA). 5¢-cyanine3 
labelled standard RNA primer (Cy3-GCG UAG ACU GAC UGG), 2’-deoxy primer (Cy3-
GCG UAG ACU GAC UGdG), 4C template (AAC CCC CCA GUC AGU CUA CGC) and 
4G template (AAG GGG CCA GUC AGU CUA CGC) were desalted and purified by 
HPLC. DNA-100T was desalted and used without further discussion. 7-deaza-dG-CE 
phosphoramidite was purchased from Berry & Associates (Dexter, MI). Reagents and 
phosphoramidite for oligo synthesis were purchased from Glen Research (Sterling, VA) 
and Chemgenes (Wilmington, MA).  Tris-HCl (1 M solution), MgCl2 (1 M solution) and 
RNAse-free water obtained from Life Technologies (Woburn, MA). Ferrous ammonium 
sulfate, Bis-tris propane, MES (2-(N-morpholino) ethanesulfonic acid), 2-methyl 
imidazole and 2-amino imidazole were purchased from Sigma-Aldrich (St. Louis, MO). 
Guanosine 5′-monophosphate free acid was purchased from MP Biomedicals (Santa Ana, 
CA). Hand-poured denaturing urea polyacrylamide gels (20%) were prepared using the 
UreaGel concentrate/diluent system from National Diagnostics (Atlanta, GA). TBE (in 
hand-poured gels and running buffer) was 1×, prepared from a 10× stock solution (0.89 M 
Tris-HCl, 0.89 M boric acid, 0.01 M EDTA). For primer extension studies, the activated 
ribonucleotide monomer guanosine 5’-phosphor-2-methylimidazolide (2-MeImpG) and 
guanosine 5’-phosphor-2-aminoimidazolide (2-AImpG) were synthesized and purified 




modifications. Activated AGC trimer was chemically synthesized according to published 
procedure(Prywes et al., 2016).  
 
A2.3 Methods 
Template directed RNA primer extension 
 Standard RNA template copying solution was prepared with 5 µM standard primer, 
10 µM 4C template, 50 mM activated monomer with given concentration of (NH4)2FeSO4 
or MgCl2 in 0.25 M either MES buffer (for pH 5, 5.5 and 6) or Bis-Tris Propane buffer (for 
pH 6.5-10). All the aqueous stock solutions used in experiments reported herein were 
sparged with Argon and stored inside glove box; the atmosphere inside glove box contained 
mostly N2 with 2.5 to 3% H2. 1.5uL aliquots were collected at given time point and 
dissolved in 23.5 uL 8 M Urea 1x TBE loading buffer with 25mM EDTA for divalent 
cation chelation. Collected samples were then taken out of glove box and analyzed on TBE-
Urea 20% PAGE.  Gels were quantified using GelQuant.NET version 1.8.1 by Biochem 
Lab Solutions. The pseudo-first order reaction rate was extrapolated from linear fits of the 
natural logarithm of ratio of amount of template remaining at given time point to the initial 
amount of template plotted vs. time. 
 
HPLC analysis of monomer hydrolysis 
 Samples used to determine the rate of monomer hydrolysis were prepared with 50 
mM activated monomer (2-MeImpG), 50mM (NH4)2FeSO4 or MgCl2, and 200mM Bis-




with Argon and stored inside glove box. Experiment were initiated inside glove box by the 
addition of activated monomer (2-MeImpG) to the sample solutions. Aliquots were taken 
out of glove box every 15 minutes and were immediately separated by reverse-phase HPLC 
(Agilent 1100 series LC) on a Zorbax ExtendC18 column 9.4 mm × 250 mm, 5 µ particle 
size (Agilent Technologies) equilibrated with 20 mM triethylammonium bicarbonate/2% 
acetonitrile, pH 8.0, and eluted with an acetonitrile gradient. The amount of remaining 2-
MeImpG and hydrolyzed GMP were measured by UV-absorbance at 254 nm. 
 
Deaza-G template synthesis 
 Deaza-G template (AA*G *G*G*G CCA GUC AGU CUA CGC) was synthesized 
using an Expedite 8909 DNA/RNA synthesizer (Applied Biosystems). 0.5M CSO in 
anhydrous acetonitrile was used as oxidizer solution. Duration of each oxidation step was 
increased to 3 mins. The oligomer was purified by reverse-phase HPLC (Agilent 1100 




 Size measurement in RNA, Fe2+ or mixed solution was performed by Malvern 
Zetasizer Nano ZS (Malvern, UK) with a backscattering detection at a constant 173° 
scattering angle and He-Ne laser (excitation 632 nm) at 25°C. Samples were freshly 




Cuvettes (Brandtech Scientific), then tightly capped and sealed with electrical tape. Each 
analysis contained 3 runs with 12 measurements for each run.  
 
Confocal microscopy 
 10 µM of stock dsRNA (Cy3 labeled standard RNA primer and RNA 4G template 
1:2) was prepared with BTP buffer pH 6.5 or 9.0 inside anaerobic glove box. This RNA 
stock solution was either diluted one-fold with buffer or 100 mM Fe2+ stock solution. 5 µL 
solution was applied to the microscope slides (Fisherfinest, Fisher Scientific) and covered 
with 18 mm square cover glass (Fisher Scientific), then sealed twice with transparent nail 
polish to prevent the oxygen perturbation outside the glovebox. Cy3 signal of each group 
was monitored by Nikon A1R MP Confocal (Melville) with 60x objective lens and images 
were processed by ImageJ. 
 
A2.3 Supplementary Figures 
 
 
Figure A2.1 Fe3+ has no catalytic effect for primer extension 
PAGE gel results of primer extension products with Fe3+ at low and high pH, time point 1, 2, 4, 8, 
16min. Fe3+ could not catalyze the reaction for both conditions. Heavy smear on the gel was due to 
the tight binding between Fe3+ and RNA, especially in basic condition. 
pH 6.5 pH 9.0





Figure A2.2 Gel result of non-enzymatic RNA copying and quantitative analysis 
(A). Typical PAGE gel result of non-enzymatic RNA replication with 50 mM Mg2+ (top panel, time 
points: 1, 2, 4, 8, 16 min) or 50 mM Fe2+ (bottom panel, time points: 2, 4, 8, 16, 32 min). Time 
courses of primer extension with Mg2+ (B) and Fe2+ (C), expressed as a fraction of unextended 
primer remaining vs. time. Rates of primer extension was calculated based on the slope of linear fit 
lines. 
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Figure A2.3 Rate vs. pH profile of non-enzymatic primer extension with 2-AImpG 
Rate vs. pH profile of non-enzymatic primer extension with 50 mM 2-AImpG in 50 mM Fe2+. 
Precipitation were observed in all the tested pH buffer.  
 
 
Figure A2.4 Non-enzymatic RNA copying in low concentration divalent cations 
(A) PAGE results of primer extension after 6 h in standard reaction condition with (a) no divalent 
cations, pH 7, (b) 5 mM, 1 mM, 0.1 mM Mg2+, pH 7, (c) 5 mM, 1 mM, 0.1 mM Fe2+, pH 7 and (d) 
5 mM Mg2+, pH 9, yield of extended product in each condition was shown in (B). 
	  

































Figure A2.5 Non-enzymatic RNA copying using different ferrous iron salt 
Anion didn't affect Fe2+ catalytic effect. PAGE gel results of primer extension reaction catalyzed 
by 25 mM different ferrous iron salt, time point: 2, 4, 8, 16, 32min. 
 
 
Figure A2.6 Non-enzymatic RNA primer extension with 2’-deoxy primer 
PAGE results of RNA polymerization with 2’-deoxy primer in different pH and cation conditions, 
time point: 2, 4, 8, 16, 32min. For the primer without 2’-OH of the nucleotide at the 3’ end, the 
extension reaction result was similar to the reaction with normal RNA primer at all conditions 
tested. This indicated that the inhibition by Fe2+ at high pH was not due to the incorrect of binding 
of Fe2+ to 2’-OH of RNA primer. 
 
 
Figure A2.7 Non-enzymatic RNA primer extension with 7-deazaG template 
PAGE result of primer extension of 7-deazaG template w. 2-MeImpC in various pH and cation 
conditions, time point: 2, 4, 8, 16, 32min. Losing N7 on G severely slowed down reaction, with 




polymerization and interaction between N7 and Fe2+ should not a main cause for polymerization 
inhibition at high pH.  
 
 
Figure A2.8 Non-enzymatic RNA primer extension with Co(NH3)33+ 
PAGE result of primer extension with 50 mM Fe2+ or Co(NH3)33+, time point: 2, 4, 8, 16, 32min. 
Cobalt hexammine is known to stabilize RNA duplex formation. If Fe2+ at basic condition affected 
the RNA double strand stability, adding Co(NH3)33+ would help to rescue the primer extension. 
From the result, though primer extension with Co(NH3)33+ itself preferred high pH, Co(NH3)33+ 
didn’t alleviate the inhibition caused by Fe2+. 
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APPENDIX 3 Supplementary Materials for CHAPTER 3 
A3.1 Materials 
The phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was 
purchased from Avanti Polar Lipids (Alabaster, AL). Oleic acid was purchased from Nu 
Chek Prep (Elysian, MN).  For membrane labeling, the phospholipids 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) 
(Liss Rh-PE) and N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-
3-phosphoethanolamine (NBD- PE) were purchased from Life Technologies (Woburn, 
MA) and 4,4-Difluoro-5-Methyl-4-Bora-3a,4a-Diaza-s-Indacene-3-Dodecanoic Acid 
(BODIPY-C12) was purchased from Thermo Fisher Scientific (Cambridge, MA). Fatty 
acid quantitation was conducted with the Free Fatty Acid Quantitation Kit (Sigma-
Aldrich). Buffers (Tris-Cl, pH 8), divalent cation solutions and calcein were purchased 
from Life Technologies.  Magnesium Green was purchased from Thermo Fisher Scientific 
(Waltham, MA). RNA was purchased from IDT (Marlton, NJ). For primer extension 
studies, the activated ribonucleotide monomer guanosine 5′-phosphor-2-
methylimidazolide (2-MeImpG) was synthesized according to published procedures(Apel, 
Deamer and Mautner, 2002; Budin and Szostak, 2011) with minor modifications. For 
permeability measurements, activated 2-MeImpA was prepared similarly, but using 








Oleic acid vesicles were prepared by suspending neat oleic acid in 0.25 M Tris-Cl 
buffer pH 8. Vesicles labeled with fluorescent dyes or blended with phospholipid were 
prepared by mixing stock solutions of the amphiphiles in chloroform at the desired molar 
ratios in glass vials. Organic solvents were removed in a vacuum oven for > 12 h and the 
resulting lipid films were hydrated with a 0.25 M Tris-Cl buffer pH 8, to a final 
concentration of 100 mM total amphiphiles and tumbled overnight. RNA, DNA or water-
soluble fluorescent dyes were encapsulated by mixing the solute with the hydration 
solution before resuspending the lipid films. Vesicles were extruded through polycarbonate 
100 nm pore size membranes (Avanti Polar Lipids). Vesicles containing encapsulated 
solutes were purified from unencapsulated solutes on a Sepharose 4B size exclusion 
column using 0.25 M Tris-HCl buffer pH 8 as an elution buffer. The extruded and purified 
vesicles were used in the subsequent stability, permeability, FRET measurement, and 
primer extension studies at a final working concentration of 7.5 mM total amphiphiles. 
 
Vesicle stability assay 
Vesicle stability was determined based on a Cy5-labeled 30-mer DNA leakage 
assay. Vesicles were prepared with 2.5 µM DNA, and purified vesicles were incubated 
with Mg2+ solutions for 12 h before re-purification by size exclusion column 




was measured on a SpectraMax i3 Microplate reader (Ex/Em 640 nm/670 nm). The 
percentage of DNA retained inside vesicles was calculated as: .  
 
Vesicle permeability 
The permeability of the membrane of blended POPC-OA vesicles to Mg2+ was 
determined by measuring the increase in fluorescence of Magnesium Green in the external 
solution as encapsulated Mg2+ diffused out of the vesicle and into the surrounding solution. 
POPC vesicles were prepared in buffer containing 50 mM Mg2+, 50 mM Tris-HCl pH 7.5 
and extruded through 100 nm pore size polycarbonate filters. Unencapsulated Mg2+ was 
removed by purification on a Sepharose 4B size exclusion column with 50 mM Tris-HCl 
pH 7.5 as mobile phase. Oleate micelles were prepared by dissolving neat oleic acid oil in 
1 equivalent of NaOH solution as previously described (Hanczyc, Fujikawa and Szostak, 
2003). The POPC vesicles were diluted to a concentration of 4 mM lipid in 50 mM Tris-
HCl buffer with 10 mM EGTA (to chelate other divalent cations that might affect the 
fluorescence). The fluorescence intensity was measured at  and
on an Eclipse Fluorescence Spectrophotometer. Magnesium Green dye was added to the 
cuvette at 30 s to a final dye concentration of 2 µM, then oleate micelles at a molar ratio of 
1: 4 or 1: 1 OA to POPC were added at 1 min. The sample was then monitored for 5 min 









A calcein leakage assay was used to determine vesicle permeability to a small 
charged molecule. Vesicles containing 1 mM calcein were prepared, extruded and purified 
as above. The resulting vesicles were adjusted to different final Mg2+ concentrations, 
tumbled for 12 h and re-purified through a Sepharose 4B size exclusion column. Vesicle 
peak (Fves) and free calcein peak (Ffree) fractions were collected and their fluorescence was 
measured on a SpectraMax i3 Microplate reader with Ex/Em 485 nm/515 nm. The 
percentage of calcein retained inside vesicles was calculated as: .  
 
The permeability of the 2-methylimidazole-activated nucleotide, 2-MeImpA, was 
determined by preparing vesicles with 150 mM of encapsulated radiolabelled nucleotide 
and removing unencapsulated nucleotide as described above. Aliquots from vesicle 
samples were taken at various time points (3, 6, and 24 h) after initial vesicle purification 
and loaded onto a Sepharose 4B size exclusion column to separate vesicles from free solute. 
The ratio of encapsulated and unencapsulated nucleotide over time was determined by 
scintillation counting of column fractions with UniverSol scintillation fluid (MP 
Biomedicals) on a Beckman Coulter LS 6500 multipurpose scintillation counter. 
 
Membrane surface area measurement 
Vesicles were prepared with 0.1 mol % of the FRET dyes NBD PE and Rh DHPE. 
The change in membrane surface area upon the addition of Mg2+ was assessed by adding 







efficiency was measured using the fluorescence emission ratio between the donor (lem 517 
nm) and the acceptor (lem 590 nm) lipids, with excitation at 463 nm. The FRET signal was 
converted into relative surface area through a standard curve correlating mol % of FRET 
dyes in the membrane to FRET signal. The change in surface area after a 10 h incubation 
with the tested reagent was reported.  
 
Microscopy with GUVs 
POPC giant vesicles for microscopy were prepared by the thin film hydration 
method on roughened Teflon as described by Kamat et al. (Kamat et al., 2015) or deposited 
on cellulose paper (Kresse et al., 2016). For the formation of oleic acid / POPC (50/50 mol 
fraction) blended giant vesicles, 2 µmol of oleic acid and POPC were mixed in chloroform 
and spread on roughened Teflon, which was dried under nitrogen and then house vacuum 
for another 30 min. 0.2 mol% of Rhodamine-PE or BODIPY-C12 was used for membrane 
labeling if needed. 2 mL hydration solution of 240 mOsm sucrose with 20 mM Tris-Cl, pH 
8, was used to hydrate films containing fatty acid to ensure pH control. After formation, 
pure POPC and blended vesicles were diluted ten times in an isotonic glucose solution (240 
mOsm glucose, 20mM Tris-HCl, pH 8), and transferred into Lab-Tek II Coverglass 
(Thermo Fisher Scientific, Waltham, MA) chambers that were pre-blocked with a 1% BSA 
solution. Mg2+ was added slowly by pumping the solution into a 15 mm length of micro 
tubing glued at the corner of each chamber, with the bottom end slightly buried in the 
chamber solution and the other end connecting to a syringe pump. 0.5 M Mg2+ solution 




dilution, 100 µL of the top layer of solution in the chamber was carefully removed without 
affecting the vesicles already on the focus plane. Then, isotonic glucose solution was 
pumped in at 20 µL/min, with another 100 µL of top liquid being removed every 5 min. 
Vesicles were imaged or videoed on a Nikon A1R MP confocal microscope (Melville, NY) 
and processed by ImageJ. 
 
Image analysis 
For vesicle population size analysis, confocal micrographs (.nd2 files) were 
imported into ImageJ and converted into 8-bit grey scale. Image threshold was adjusted in 
B&W mode to show clear closed circles for vesicle boundaries. Average vesicle size was 
analyzed by “analyze particle” function of the software, with a detection restriction for 
circle area above 2 µm2 and circularity index above 0.5 to eliminate very small particles 
with poor definition as well as large irregularly shaped aggregates. Total detected vesicle 
number and individual vesicle size were then imported to Prism software for distribution 
analysis.    
 
Vesicle size and encapsulant concentration analysis  
Changes in internal vesicle volume during vesicle shrinkage were measured by 
monitoring calcein fluorescence (ex. 495, em. 515), encapsulated within vesicles. To 
determine the concentration of calcein inside of vesicles, a standard curve was generated 




within vesicles were then be measured by monitoring the change in calcein fluorescence 
upon the addition of solutes to the external solution.  
 
Primer extension reactions 
Non-enzymatic template directed RNA primer extension inside vesicles was 
performed by encapsulating an RNA primer-template complex either with or without 
activated monomers inside the vesicles, and then adding Mg2+ or Mg2+ and activated 
monomers to the external solution to initiate the reaction (Adamala and Szostak, 2013).  2-
MeImpG activated monomer was synthesized as previously described, followed by 
purification on a combiflash C18aq column with 20 mM TEAB and acetonitrile as mobile 
phase. Primer (5'-Cy3-GCGUAGACUGACUG) and template (5'-
AACCCCCAGUCAGUCUACGC) oligonucleotides were purchased from IDT and HPLC 
purified by the manufacturer. 
 
POPC, OA, and OA/POPC blended vesicle samples were prepared with 0.1 M total 
lipid, 25 µM primer and 50 µM template in 0.2 M Tris-HCl pH 8.0 buffer. Samples were 
tumbled for 2h, extruded and equilibrated for 30 min, then purified on a Sepharose 4B size 
exclusion column, with 0.2 M Tris pH 8.0 as the mobile phase. Purified vesicles were then 
mixed with Mg2+ (for pure POPC or blended vesicles) or Mg2+ premixed with citric acid 
(for OA) and 50 mM 2-MeImpG to a final total lipid concentration of 7.5 mM. Samples 
were vortexed and vigorously tumbled at room temperature. At specified time points, an 




were lysed with 1% triton followed by ethanol precipitation. RNA pellets were dissolved 
in 8 M Urea TBE and analyzed by TBE-Urea 20% PAGE.  
 
Free fatty acid quantification 
The amount of free fatty acid in vesicle solutions was quantified by the Free Fatty 
Acid Quantification Kit (Sigma-Aldrich). A 20 mM vesicle solution was prepared as 
described above and then 0.25 mL samples were centrifuged for 10 min at 13,500 rpm 
through Amicon Ultra 10K filters (Merck Millipore) resulting in 20-40 µL of a clear 
solution (if less than 20 µL, another 1 to 2 min centrifugation was applied). A 20 µL aliquot 
of each filtered sample was mixed with 5 µL of Fatty Acid Assay Buffer and added to a 
Nunc™ 384-Well Optical Bottom Plate (ThermoFisher Scentific). A palmitic acid standard 
(0, 0.1, 0.2, 0.3, 0.4, 0.5 nmole/well standards) for fluorometric detection was prepared by 
10-fold dilution of the Standard Solution in the kit. 0, 2, 4, 6, 8, 10 µL of diluted standard 
solution was adjusted to 25 µL by adding Fatty Acid Assay Buffer. 2 µL of ACS Reagent 
was mixed with each sample and standard and the plate was incubated for 30 min at 37 °C. 
The Master Reaction Mix for each well consisted of 22 µL Fatty Acid Assay Buffer, 1 µL 
Fatty Acid Probe, 1 µL Enzyme Mix and 1 µL Enhancer. 25 µL of Master Reaction Mix 
was added to each well and the whole plate was incubated for another 30 min at 37 °C. 
Fluorescent intensity was measured by a SpectraMax i3 Microplate reader (
). A standard curve was prepared and then corrected by subtracting 
the blank value (no palmitic acid) from all readings. The free fatty acid value of the 
phospholipid group was set as the background value for each sample. The concentration of 




the fatty acid in a given sample was calculated as , where Sa was the amount of 
fatty acid calculated from standard curve and Sv was the sample volume (µL) added to the 
reaction well.  
 
A3.3 Supplementary Figures 
 
Figure A3.1. Vesicle stability tested by instantaneous calcein leakage 
1 mM Calcein was encapsulated in small unilamellar vesicles and free calcein was removed by 
column purification. The purified vesicles were mixed with various concentrations of Mg2+ and 
immediately repurified by size exclusion chromatography, and quantitated by fluorescence 
measurement. Increasing the content of phospholipids in oleic acid vesicles enables retention of the 
small molecule calcein in the presence of Mg2+. 
 
C = Sa / Sv
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Figure A3.2. POPC vesicle permeability to Mg2+ upon oleate addition 
Extruded and purified POPC vesicles containing Mg2+ were mixed with Magnesium Green around 
0.5 min and monitored on a fluorimeter for Mg2+ efflux. Mg2+ efflux should result in a fluorescence 
increase as the cation complexes with the Magnesium Green indicator. In the absence of oleate, the 
fluorescence in the sample remains steady. Upon the addition of ¼ eq. (a) or 1 eq. (b) of oleate to 
POPC, the fluorescence of the sample increases indicating oleate permeabilizes the membrane to 




































Figure A3.3. Calcein permeability as a function of membrane composition in Mg2+-free 
solution 
1 mM Calcein was encapsulated in small unilamellar vesicles and free calcein was removed by 
column purification. The purified vesicles were then incubated for 12 h in the absence of Mg2+, 
after which vesicles and free calcein were separated by size exclusion chromatography, and 
quantitated by fluorescence measurement. n =3; error bars represent s.d. 
 
 
Figure A3.4. Permeation of 2-methylimidazole activated AMP through hybrid membranes  
Small unilamellar vesicles containing varied compositions of OA and PC were prepared containing 
150 mM of a radiolabeled, activated nucleotide, MeImpA. Vesicles were purified and incubated 
with the maximum concentration of Mg2+ tolerated for each membrane composition and nucleotide 
permeability was determined by measuring the leakage of nucleotide from vesicles over time. The 
permeability of 2-methylimidazole activated AMP increases with increasing amounts of OA in 
POPC vesicles.  
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Figure A3.5. Free fatty acid quantification assay for hybrid vesicles 
The total percentage of free fatty acid in solution drops as the molar ratio of phospholipid in small 
unilamellar vesicle membranes increases, indicating that phospholipid increases fatty acid retention 
in the membrane. n =3; error bars represent s.d. 
 
 
Figure A3.6. FRET assay for oleate desorption from pure OA vesicles in the presence of Mg2+  
The effect of Mg2+ on pure small unilamellar OA membranes was investigated by measuring 
changes in relative membrane surface area using a FRET assay in which increasing the average 
distance between membrane amphiphiles decreases probe density and causes the FRET signal to 
decrease. Mg2+ was mixed with OA vesicles in increasing amounts. Above 10 mM or more of Mg2+, 
OA vesicles rapidly increase in surface area which likely indicates complete destruction of the 













































Figure A3.7. Vesicle size analysis by ImageJ 
First (a) and last (b) frames from 2 videos of vesicles before and after the slow addition of Mg2+ 
were processed by ImageJ for vesicle detection and size analysis described in Methods. 
 
 
Figure A3.8. Osmotic shrinkage of hybrid membranes 
(a), (b) Calcein fluorescence as a function of concentration; self-quenching is seen at concentrations 
> 1 mM. (c) The addition of Mg2+ to small unilamellar vesicles is accompanied by an increase in 
a) b)
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the concentration of vesicle contents, measured though calcein fluorescence. Ionic strength is 
calculated as 𝑰 = 𝟏
𝟐
𝒄𝒛𝟐, where c is ion molar concentration, and z is the charge number of the ion. 
n =3; error bars represent s.d. 
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